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ABSTRACT

The fatigue process of 1100-0 aluminum was studied by means of exoelectron
emission and ultrasonic surface wave measurements, and correlated with metallo-
graphic examination. Measurement of exoelectrons was accomplished by emission
counts, amplified by a Channeltron electron multiplier and integrated over
short time intervals. It appears that very early in tie fatigue process there
is an exoelectron emission peak, whose intensity is related to the intensity
of the applied stress, coinciding with initial surface layer slip. The emis-
sion event lasts not more than a few percent of the fatigue life. No emission
occurs thenceforth wuntil in the final stages of fatigue, just prior to failure,
when another emission period is observed. It was further noted that, at least
at room temperature, light stimulation is necessary for exoelectron emission
from 1100-0 aluminum. Preliminary ultrasonic surface wave measurements dis-
close a change in material response at about 50 percent of the fatigue life,
which so far could not be correlated with metallographic observations.
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SECTION I

INTRODUCTION

The phenomena of fatigue of metals and alloys and particularly the early
Jdetection of material damage due to these phenomena have always been high on
the list of material problems. Our present understanding of the problem com-
prises a large number of phenomenological observations of the metallurgical
events in a great variety of materials during the fatigue progress. There is
a very large collection of fatigue test data mainly confined to often unspe-
cified ambient conditions; there are a few tentative theories based on
phenomenological observations, and a number of empirical rules based on
fatigue test data; and there are comparatively few studies relating fatigue
phenomena to physical effects which could serve as indicators of the extent of
tatigue damage.

There appear to be two principal reasons for this lack of data required
for Jdeveloping methods for nondestructively determining early fatigue damage.
[he first reason is the gap between the fundamental investigations into the
fatigue mechanism and the fatigue test data. This gap is caused by the
difference in scale of approach (fundamental investigations being confined to
the atomic scale and fatigue test data to the engineering scale), by the fact
that Jifferent types of materials are usually chosen for the two groups of
investigations, by the lack of coordination between the types of investigators,
and because there are too few studies conducted which represent a multidisci-
plinary approach. The second reason arises from the nature of the fatigue
phenomena, which are generally confined to a surface layer. Bulk methods of
investigation, such as fatigue tests and overall damping studies, are only
able to measure the verv diluted effect of these surface phenomena on the bulk
properties. Because bulk properties are generally affected by a number of
other factors, the sensitivity of these tests to surface phenomena is rela-
tivelvy low., Tests using surface layer sensitive properties have been more
successful. However, they have rarely considered the fact that the depth of
surface laver affected by progressive fatigue may vary, and if signals {rom
2 fixed surface layer depth are investigated, a distortion of the signal-to-
fatigue damage effect ratio occurs. Therefore, a rational approach must
consider the metal surface layer depth-cf-fatigue phenomena in relation to
physical and engineering effects. The objective of the study program was the
Jevelopment of methods suitable for the early detection of fatigue damage.

The principal method developed in this program was a measurement me thod
for exoelectron emission. Preliminary investigations into the measurement of
propagation of ultrasonic waves were also carried out, Results were corre-
lated with extensive metallographic observations.



SECTION II

SUMMARY

This report covers the work on the investigation into the fatigue process
of 1100-0 aluminum by studying exoelectron emission and propagation of ultra-
sonic surface waves. Exoelectron observations during tension-tension loading
were by means of emission counts amplified by a Channeltron electron multiplier
and integrated over short time intervals. The exoelectron emission occurred in
two stages. The initial stage started soon after the application of the stress
and lasted not longer than 10 percent of the fatigue life. The final stage
occurred near the end of test when cracks formed and propagated to cause
failure of the test specimen. There was a long period of emission quiescence
between the two stages. Both the peak intensity of emission and the emission
period of the initial stage depended strongly on the applied stress. The
higher the applied stress, the stronger was the peak emission a1d the longer
the emission lasted. Exoelectrons still emitted from specimens subject to
¢yclic stressing at or slightly below the tentatively determined fatigue limit
(based on 6 x 106 cycles), even though the intensity was quite weak. The
emission was also affected by light conditions. At least at room temperature,
no emission was observed if the deformation took place in complete darkness.

On the other hand, the emission intensity was increased considerably when the
specimen was illuminated with long-wave ultraviolet light during test.

Comparison between metallographic observations and the initial stage of
emission reveals that this stage of emission coincided with the formation of
fatigue-affected layer and surface slip striations., Prolonging the fatigue
process beyond this stage of emission appeared to change the depth of attack
but little.

The frequencies (1 to 5 MHz) chosen for the ultrasonic tests were
dictated by the availability of suitable transducers. The test results for
fatigued 1100-0 aluminum indicated a gradual reversing trend for both fatigue
life to surface wave velocity and fatigue life to attenuation ratios at about
50 percent of the fatigue life, which could not yet be correlated with
metallographic observations,

Preceding page blank
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SECTION III

REVIEW OF PERTINENT DATA

THE FATIGUE PROCESS

GENERAL PHENOMENA IN THE FATIGUE PROCESS

It has been suggested that fatigue damage of face-centered cubic metals
at high and low stress levels occurs by different mechanisms (Wood, 1959).
The H mechanism at high stress level occupies the steeper portion of the S-N
curve where fatigue life increases slowly with decreasing stress. The F
mechanism at low stress level operates in the flatter portion of the S-N
curve where fatigue life increases rapidly with decreasing stress. It has
also been suggested that there is no very clear-cut distinction betweer the
mechanisms at high and low stress levels (Laird and Smith, 1962; Forsyth,
1963). In addition, experiments on aluminum and copper having different tex-
ture and ductility reveal that, regardless of the stress level, the opera-
ting mechanisms may be influenced to a great extent by texture and ductility
(Nair and May, 1968).

It is not the purpose here to make a critical review of the fatigue
mechanisms. But it is a concern to know in a specimen the successive events
that take place in the fatigue process, leading to permanent damage and ulti-
mate failure of the specimen. The H and F mechanisms concerning the forma-
tion of microcracks are briefly described to aid in such understanding, since
thev shed some light on how fatigue damage in the form of cracks develops.

Cyclic-stressing of face-centered cubic metals at large plastic ampli-
tudes, those corresponding mainly to the H part of the S-N curve, produces
coarse slip. At the early stage, severe local strains develop within grain
boundaries, resulting in the breakdown of each grain into regions of different
lattice orientation separated by irregular subboundaries. As cycling con-
tinues, micropores develop on the subboundaries. In copper or brass, these
micropores appear during about 1/200 of the specimen life. The micropores
multiply and coalesce into cavities which, with continued stressing, multiply
and link into microcracks. These microcracks remain smaller than the grains
for the greater part of the remaining life. An increase in the number of
cvcles of amplitudes only starts more cracks in other parts of a grain. The
stage of crack formation encompasses the appearance of micropores, cavities,
and microcracks in each grain. This stage occupies most of the time of the
fatigue process of an annealed metal.

Preceding page blank



The specimens become structurally unsound early in the formation of
micropores. Tests show, however, that there is no loss of mechanical
strength, which remains constant, although microcracks develop and multiply,
Microcracks can be considered centers of fatigue damage, but they are harm-
less as long as they are confined in grains and are not self-propagating.

Cyclic-stressing of face-centered cubic metals at small plastic ampli-
tudes produces fine slip zones or bands corresponding to the F part of the
S-N curve. They are readily shown as traces brought up by etching and begin
to appear after approximately 1/1000 of the specimen life. Though the exist-
ing bands are intensified by adding fine slip movements, they are limited in
length and are usually shorter than a grain. Such bands are zones of abnor-
mal distortion resulting from the to-and-fro slip movements and show up
clearly in grains undergoing cross-slip. Surface notches and peaks, often
called intrusions and extrusions respectively, may also form at the end of a
slip band where slip bands meet the surface. These surface disturbances,
which are about 10-4 cm in depth, have been considered responsible for form-
ing fatigue cracks. However, they do not seem to develop with r.ontinued
cycling. TIsolated micropores then form in the interior of slip zones
(Wood et al, 1963); They multiply and coalesce to elongated cavities along
the zones as cycling continues further. These pores, however, are recently
believed to be spurious interpretations of normal extrusions (Dover and Jones,
1967); they are tubular holes extending into the metal from the surface.
These holes which constitute the crack front grow and link up to complete
the failure of a grain in a directicn compatible with the applied stress.

The S-N curve for a body-centered cubic metal, such as iron, generally
consists of an inclined portion, called the H part, and a horizontal portion,
called the S part, giving rise to a sharp knee (Wood et al, 1964). The basic
structural change in iron above the knee in the H part is a pronounced cell
formation in the grains, which determines irregular microcracks. At ampli-
tudes below tie knee in the S part, slip produces in the surface the form of
dense clouds of short, faint markings. The clouds are composed of short,
fine slip. Pores form but they are dispersed widely and cannot readily link
into microcracks. The fine dispersed slip and dispersed pore formation is
therefore an example of fatigue damage in its least effective form.

FATIGUE DAMAGE

Fatigue damage is assessed in different ways. The residual static
strength after cracks grow to a certain size is one criterion, while another
1s the prediction of accunulations of damage when a specimen or a structure is
subjected to a number of cycles at one or several different amplitudes. Both
criteria have important practical aspects in engineering applications, but
neither is suitable for developing early fatigue damage detecting techniques
by nondestructive means. The few prominent cracks which may influence the



residual static strength are not of primary concern. Of greater concern is
the damage which may occur before a macrocrack develops, so that its detec-
tion will prevent formation and growth of additional macrocracks that could
cause sudden or catastrophic failure of a structure in service.

The micropores that develop very early in fatigue deformation at sub-
boundaries and the intrusion extension by means of tubular hole growth in a
grain are the smallest centers of damage since they eventually multiply and
link up to form microcracks. However, even the microcracks existing in the
confines of a grain may still be harmless because tests at this stage show
no loss of mechanical strength of the specimen. Microcrack damage becomes
apparent when the cracks multiply and extend beyond the confines of a grain
to link together forming macrocracks.

Since X-ray experiments have shown that nearly all of the smell angle
X-ray scattering is due to the double-Bragg reflection process, an evidence
of the existence of disoriented subgrains (Grosskreutz and Rollins, 1959),
the r.icropores are not actual cavities. Since they show up by etching, they
might be regions of concentrated plastic deformation. Transmission electron
micrographs indicate that the apparently microporous areas shown in optical
micrographs correspond to abnormally dense regions of loops and debris left
by oscillating screw dislocations along etched-up slip zones or along sub-
grain boundaries (Grosskreutz et al, 1966). The slip zones are dense regions
of loops and unresolved debris. The subgrain boundaries are dislocation
arrays. Thus, micropores are only regions of high internal strain.

It should be noted that micropores, tubular holes, and microcracks are
harmless only when the test specimen is subjected to pure fatigue with zero
mean plastic strain. They become centers of mechanical weakness that can be
pulled apart by a static tensile load which is superimposed on the pure
fatigue (Wood and Bendler, 1962). Since structures are often subjected to
combined static and cyclic loading, microcracks must be considered poten-
tially dangerous.

Ideally, the early fatigue damage zone is then a few grains deep with
each grain containing microcracks within its confines. Since it is difficult
to determine this depth, a method of measuring the damage depth is to esti-
mate the amount of surface layer that must be removed by electropolishing
or other means to cause the disappearance of persistent slip bands because
extrusion and intrusion form at the end of a slip band where the band meets
the surface. For example, the persistent slip bands of copper (Thompson
et al, 1956) and iron (Klesnil and Lukas, 1965; Sullivan et al, 1961) are 10
to 30 pm and 6 to 10 wm deep respectively.



Transmission electron micrography technique using thin toils reveals
that the dislocation structure in regions near the fatigued iron specimen
surface (less than 25pum) is characterized by bands of intense dislocation
tangling, individual dislocations within the bands being unresolved, and
arrays of parallel rows of dislocation loops, the arrays often extending for
considerable distances across a given grain (Wei and Baker, 1965). On the
other hand, micrographs of the interior show isolated clusters of dislocations
and scattered dislocation loops and loop trails. Since the dislocation
structure in the surface region is completely different from the dislocation
structure in the interior and since thickness of the foil (less than 25 (um)
taken from the fatigued iron specimen surface is of the same order of magni-
tude as the amount of surface layer(6-10um for iron and 10-30 um for copper)
removed by electropolish to eliminate persistent slip bands, the observed
dislocation structure must be correlated with the fatigue damage zone because
the damage occurs only at the surface layer.

PHYSICAL PROPERTIES RELATED TO FATIGUE DAMAGE

It is known that most physical properties of metallic materials change
with plastic ucformation. Some of the properties would also be influenced
by cyclic stressing. It is then possible to utilize such changes to indicate
fatigue damage. Though fatigue cracks on a macroscale in metals can be
detected by various nondestructive techniques, detection or evaluation of the
early damage prior to the formation of macrocracks is not simple or easy.
Some knowledge of the change in physical phenomena in the course of fatigue
deformation is needed for the development of techniques to detect early
fatigue damage. Such knowledge, together with some other characteristics
which might be useful, is described in the following paragraphs.

MAGNETTC HYSTERESIS AND EDDY CURRENT LOSSES

In the majority of ferromagnetic materials, magnetic hysteresis is
caused by a delay in the change of magnetization. Loss of energy to magnetic
hysteresis depends on the average amplitude of internal stresses. Internal
stresses also have influence on the resistance of the metal, both magnetic
and nonmagnetic, to alternating current. Changes in resistance and dis-
turbance of continuity result in eddy current losses. The region having high
internal stresses could be a nucleation site of fatigue crack since trans-
mission electron micrographs of foils prepared from specimens subject to
cvclic stressing reveal that the region of abnormally high dislocation density
corresponus to the fatigue zone in the specimen (Grosskreutz et al, 1966).

The variation of the total losses in steels in fatigue process has been

investigated by Gushcha (1965). The change of the losses in the course of
deformation above the fatigue limit can be divided into four stages. In the
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first stage, the losses decrease with number of cycles while work-hardening
revealed by microhardness measurement intensifies. Slip lines appear in
some grains. In the second stage, there is an increase in the losses, but
microhardness is lowered. These changes are attributed to relaxation or
softening of the most stressed grains. As the number of cycles increases,
further softening becomes intensified while work-hardening is slowed down.
When the process of softening is more intensified, microhardness is lowered
even more and more. The slip lines become wider and longer, and the number
of slip lines increases. The rise of the losses continues but at a lower
rate in the third stage. Microcracks form and some of them link together and
develop to a fatigue macrocrack. Formation of a macrocrack is marked by a
certain lowering of the losses at the end of the third stage. A steep climb
of the losses in the fourth stage indicates a rapid growth of the fatigue
crack. Duration of each of these stages differs and depends on the material
and the level of the cyclic stresses. The duration of each stage relative
to the total fatigue life for a given material, however, is about the same
for all stress levels.

Below fatigue limit, microhardness increases while the losses decrease
with the increasing number of cycles. Softening can occur in weak grains,
but this process does not spread to o*her grains because of low cyclic
stresses,

Since the maximum of the losses vs number of cycles curve indicates the
formation of a macrocrack, detection of earlier fatigue damage must then rely
on the determination of the onset of the third stage when the rate of the
losses is lowered due to the formation of microcrack.

It should be noted that the magnetic hysteresis and eddy current losses
are not entirely caused by internal stresses. Inclusions, voids, cracks, and
chemical segregation can also influence these losses.

Magnetic tests measuring perturbation in the magnetic field have been
employed to detect fatigue damage in the form of crs-ks (Kusenberger et al,
1964 and 1966). The perturbation is caused by the cnange of magnetic per-
meability by internal stresses or the other factors mentioned prev:ously. The
crack is indicated by a sudden increase in peak-to-peak signal amplitude in
a record. The detection of cracks is primarily a function of signals caused
by the stressed volume adjacent to the crack and not by the material separa-
tion. The minimum crack length that can be detected in 4340 steel is 0.006
to 0.008 inch.

ELECTRIC IMPEDANCE
The electric impedance at a fixed frequency of a metallic specimen

whose dimensions remain unchanged during measurement depends on electric con-
ductivity and magnetic permeability. To make the use of the skin effect of



high-frequency currents, it is possible to study the change of electric
impedance during fatigue deformation. When Armco iron wire is subject to
torsional fatigue, no change in impedance at 35 kHz is observed if the shear
strain 1s below a critical value which is less than the fatigue limit
(Shlyapin et al, 1967). The impedance hysteresis loop also does not change
its form. If the cycling strain exceeds the critical value but is below the
fatigue limit, the impedance decreases gradually with an increasing number of
cvcles. Though the hysteresis loop changes in the process, it tends to
approach the stable form below the critical strain. The impedance decreases
more rapldly with an increasing number of cycles when the cycling strain is
above fatigue limit. Shortly before failure, some increase in the impedance
is observed, probably due to the appearance of fatigue cracks. The rate of
change in the hysteresis loop during test differs little from the change at
the fatigue limit. However, the loop cannot become stabilized because of
tailure of the specimen. Early fatigue damage must then be detected by
analvzing the change in the form of the hysteresis loop and the trend of the
impedance vs number-of-cycles curve before the rise of impedance due to the
formation of macrocracks.

Ancther approach is to make the specimen after fatigue deformation one
end of a low-loss cylindrical cavity resonator (Benson et al, 1968). The
transmission loss of the cavity is mainly due to the loss of the specimen.
The system must be operated at the exact resonant frequency of the resonator
in order to make the magnitude of the signal transmitted through the cavity
meaningful. Th= loss curve for a 2024-T3511 aluminum alloy specimen shows
little change until approximately 80 percenit of the fatigue life is spent.
[t then rises rather sharply before failure of the specimen.

Cvlindrical specimens have also been made in the form of a low-loss,
half-wave linear resonator operated at frequencies near 1 GHz (Benson et al,
1968). The increase in electric resistivity at the surface layer due to the
presence of microcracks results in an increase in bandwidth of the resonator
when 1t is considered as a band-pass filter. When fatigue deformation in
aluninum alloys is measured, the surface resistivity does not change in the
first one-fourth of fatigue life. Afterwards, the measured resistivity can
be either above or below the previous constant value. The scatter is so wide
that it is difficult to correlate fatigue damage with surface resistivity.

OPTICAL PHENOMENA

An optical correlation technique has been used to detect changes in sur-
face structure resulting from fatigue deformation (Chuang, 1968). The corre-
lation function for a given surface area is measured before and after cyclic
stressing in temms of light intensity output of a coherent optical system.

10



Change in surface structure produces a decrease in correlation intensity.
The surface strain that can be detected is of the order of 1 micron.

The correlation intensity vs number-of-cycles curve can generally be
divided into three stages. A sharp loss of the correlation intensity (as
much as 80 percent) in the first few minutes constitutes the first stage.
The loss then becomes relatively steady in the second stage. Finally, a
sharp loss before a visible crack appears starts the third stage. Early
fatigue damage must therefore occur in the first two stages.

INTERNAL FRICTION

Internal friction of solution-treated aluminum alloys containing magne-
siun subject to cyclic stressing below the fatigue limit is practically con-
stant. Above the fatigue limit, internal friction decreases with an
increasing number of cycles. The formation of a fatigue crack is indicated
by an increase in internal friction (Hanstock, 1947). However, tests on
solution-treated and aged aluminum alloys containing mainly copper reveal
that above but near the fatigue limit, the internal friction increases almost
imperceptibly during many millions of cycles, followed then by a rapid rise
before specimen failure. The rise is mainly due to precipitation induced by
cyclic stressing and not to the formation of cracks (Hanstock, 1954)., In
pure metals, such as aluminum, cadmium, and copper, above the fatigue limit
the internal friction first increases and remains practically constant with
continued cyclic stressing. Near the end, there is again a rise which is
attributed to the appearance of a fatigue crack (Gorshkov and Postnikov,
1965).

Both internal friction and early fatigue damage are related to the
movement of dislocations and their interaction with point defects. Their
relationship, however, is complex because internal friction is associated
with bulk-property-type measurement while fatigue damage occurs only at the
surface layer.

PROPAGATION OF ULTRASONIC WAVES

In addition to detecting flaws, propagation of ultrasonic waves in metal
parts has also been employed to investigate early fatigue damage by means of
noting the changes in ultrasonic attenuation and velocity. Measurement of
the ultrasonic atteruation in aluminum specimens subject to tension-tension
or tension-compression cyclic loading reveals that the attenuation starts to
decrease from the beginning, reaching a minimum value between 100 and 1000
cycles or approximately at 1/100 to 1/1000 fatigue life (Truell et al, 1959
and 1961). Subsequently, the attenuation rises again as deformation continues.
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This variation in attenuation with time is attributed to a dislocation effect,
A large increase in the dislocation density can be expected within a few
cycles at the beginning. The dislocation density increases with continued
cveling until dislocation damping, which contributes to attenuation, is
reduced both from the shortening of loop lengths, due to increased intersec-
tion and defect pinning, and from direct interference or interaction of the
dislocations among themselves.

Another phenomenon also causes a rise in attenuation as the dislocation
density increases with continued cycling. Regions of dense dislocation form
because of the shortening loop lengths and their mutual interference. High
internal strains are present in these regions within each grain. These
regions uare therefore scattering centers, causing increased attenuation as
their size and number increase with number of cycles. The minimum of the
attenuation vs number of cycles curve is a result of competition between the
decrease in dislocation damping loss and the increase in the scattering loss,
The increase in attenuation by scattering eventually becomes large and
dominant,

Under fatigue deformation, either in tension or in compression, the
velocity of wave propagation starts to decrease at the beginning with respect
to the initial value before deformation. This decrease is characteristic of
dislocation damping behavior. The change in velocity becomes smaller as
deformation continues until the range of cycling for the attenuation minimum
is reached. The change then again begins to increase rather rapidly with an
increasing number of cycles.

The regions of high internal strain in a grain, which serve as scatter-
ing centers to the propagation of uitrasound, could be identified with the
regions of abnormally high dislocation density revealed by transmission
clectron micrographs. Such regions are therefore the potential nucleation
sites of microcracks.

The wave modes employed by Truell and his associates were mainly longi-
tudinal waves. A longitudinal wave is a volume-type wave, but fatigue damage
develops only at or near the surface of a test specimen. Rayleigh waves or
surface waves therefore seem more appropriate for studying the change in
attenuation and velocity of propagation. Moreover, depth of wave penetration
1s controllable.

The change in attenuation as well as velocity of propagation of a
Rayleigh wave in mild steel subject to fatigue deformation has been investi-
gated by Herlescu and his coworkers (1967). Both attenuation and velocity
tend to increase slightly at the early stage of fatigue (about 1/100 to
L/1000 life). They then drop considerably and become somewhat constant as



cycling proceeds. Finally, there is a pronounced increase of attenuation
as a result of dispersion of ultrasound at the microcracks. Velocity in
this interval changes relatively little.

Relaxation and work-hardening are thought to cause such changes in the
propagation of ultrasound waves. Relaxation is assumed dominant in the
beginning. Later, work-hardening intensifies, and relaxation ceases to play
an important role. Search of fatigue damage should thus be concentrated
in the period prior to the formation of microcracks when both attenuation and
velocity first decrease and then become constant.

EXOELECTRON EMISSION

The term exoelectron has been used to describe electrons emitted from
both metals and nonmetals which have been subjected to various treatments,
such as abrasion, mechanical deformation, irradiation with ultraviolet light,
X-rays or ultrasonic waves, electron bombardment, electric gas discharge,
chemical interaction between the material surface and the ambient gas, phase
transformation upon heating or cooling, etc. The first comprehensive dis-
cussion of this subject took place in an exoelectron conference held in 1956
in Austria. A number of reviews (Grunberg, 1958; Mueller, 1961; Bohun, 1963;
Bohun, 1965; Ramsey, 1965; Brotzen, 1967) have been published since then.
Because exocelectron emission can be excited in a variety of ways, there is
much confusion in the literature on the mechanism of emission. The present
survey will therefore not be devoted either to examining the mechanisms or to
reviewing the present state of the art. Rather, the objective is to make a
concise report on the exoelectron emission arising mainly from abrasion or
plastic deformation of metallic materials. Such knowledge is essential to
developing new testing techniques based upon exoelectron emission for
assessing the damage of metals subjected to cyclic stressing, An annotated
bibliograrhy containing articles dealing mainly with exoelectron emission
from abraded or plastically deformed metals and published after 1956 is
presented in appendix I.

The emission of electrons from abraded or deformed metal surfaces has
been interpreted in several ways: (1) The interaction of gas with the
freshly worked surface resulting either in the release of energy due to
chemisorption of oxygen (Haxel et al, 1952; Lohff, 1956) or the absorption
of water vapor (Ramsey, 1967) or in the formation of a layer of defected
structure containing trapping sites which produce a surface of lower work of
function (Grunberg and Wright, 1955; Ramsey and Garlick, 1964), (2) the
release of energy associated with the vacancies reaching the surface by
diffusion (von Vos¢ and Brotzen, 1959; Ku and Pimbley, 1961), and (3) the
transfer of energy associated with the stress field around dislocation to
electrons (Krogstad :nd Moss, 1965). The active emission centers are assumed



to be chemisorbed atoms, vacancy clusters, points of emergence of dislocations
on the surfuce, etc. Therefore, exoelectron emission can occur by the inter-
action between the metal surface and the ambient gas as well as by the defor-
mation of the metal lattice. It is also found that the effect of the former
can be weakened by localized and dvnamic loading in vacuum (Mints and Kortov,
1V67).

tmission caused by the deformation of the lattice must be associated
with dislocations or point defects. This is demonstrated by the corres-
pondence between the darkened spots on the emulsion applied to a statically
strained zinc single crystal and dislocation etch pits along the slip lines
(‘leleka and Borr, 1960), and by the emission of electrons from aluminum after
quenching trom temperatures between 300° and 450° C (Claytor et al, 1966). The
release of electrons can be facilitated by lowering the work function of the
metal surface, since change in the contact potential with strain in molybde-
num and tantalun indicates that the work function of these metals is reduced
as a result of plastic deformation (Andreev and Palige, 1962 and 1964).
The work function changes are associated with surface structure modifications.

The Kinetic characteristics of emission is influenced by the mobility
of point defects. The time for ground aluminum to reach the maximum
emission before decay sets in is shorter than the time for ground gold at
a pressure about 10-4 torr (Mints and Kortov, 19067). Shorter time to peak
emission is attributed to higher mobility of point defects because time is
required for dislocations and point defects moving to the metal surface.
By the same reasoning, decay of the emission from the metal surface having
point defects of lower mobility should be slower. This phenomenon is
observed in the experiment with ground silicon and germanium (Kryuk et al,
I900).  The slower decay for silicon is due to lower mobility of vacancies,
indicated by a greater activation energy for self-diffusion in silicon.

The mobility of point defects increases with temperature. The emission
tvom abraded metal surfaces (Ku and Pimbley, 1961; Ramsey, 1965; Williams,
1960) or str.ined metal specimens (Hempel et al, 1964) has been found to
increase w.tn rising temperature. However, the relation between exoelectron
emission and migration of the point defects to the surface is still not well
understood because it is difficult to avoid the influence of ambient gas
exerted on the surface. Freshly abraded aluminum specimens and those that
were abraded and aged at room temperature for 8 days exhibited similar
emission when their surfaces were etched (Mueller and Pontinen, 1964).
Defects in the aged specimens had ample time to migrate to the surface and
to internal sinks. The observed emission from abraded, aged, and etched speci -
mens 1s probably due to interaction between the ambient gas and the new sur-
face produced by ctching.

1J



In addition to surface conditions, structure of the metal surface can

influence exoelectron emission. Local indentation on metallurgical phases of
steels results in varying emission intensity (Kortov and Mints, 1965; Bogachev

et al, 1966). The intensity of ferrite is greater than that of austenite
which in turn has more intense emission than either martensite or epsilon
carbide. Grains and grain boundary may also have different exoelectron
emission.

Emission from most abraded or otherwise deformed metals is not observed
in total darkness. Light is necessary, and the photoelectric threshold is
shifted (Conrad and Levy, 1961). The explanation is that the energy of
impinging photons is needed to add to the energy which is released by vacan-
cies at the surface in order to exceed the work function of the surface
(Pimbley and Francis, 1961). However, emission without photostimulation has
been observed during plastic deformation of aluminum coated with a thick
(over 50 pm) oxide layer (Gievoszynski and Sujak, 1965). Two emission peaks
occur at a strain of 0.01-0.02 and 0.03-0.04. The emission is considered to
originate from the oxide layer and is attributed to large electric fields
(about 107 v/cm) when the cracks in the oxide layer are formed.

Deceleration methods have been used to determine the average kinetic
energy of exoelectrons (Lohff, 1957; Bathow, 1958). The value for abraded
metals in vacuum varies from 0.13 to 0.20 ev. The highest energy that can
be dctermined depends on the emission intensity and the sensitivity of the
measuring apparatus. The emission intensity prior to saturation relates to
the grid potential by the equation:

- U - Uk
N =N, exp < = )

where N = number of emitting electrons per second

No = saturated number of emitting electrons per second
U = grid potential
Uy = contact potential between grid and the specimen

c
]

a constant

A design of a spectrometer to measure electron energy is shown in
appendix II.

Since exoelectrons emit at the surface of a material, it is essential
to know the thickness of the surface responding to emission. Experiments on
emission excited by electron bombardment reveal that the estimated thickness
varies from 2 x 102 A at 1 kv for tungsten and germanium (Seeger, 1955 and
1957) to 5 x 103 R at 5 kv for CaSO), containing manganese (Vogel, 1960).
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Successive cemoval by etching of surface layers from an abraded aluminum
specimen_shows that emission dies out at approximately a depth of 0.2 um or
2 x 107 A (Mueller and Pontinen, 1964).

Since fatigue cracks usually start at or near the surface, both fatigue
damage and exoelectron emission bLelong to surface phenomena. Furthermore,
cyclic stressing can accumulate rather large amounts of plastic strain, and
the emission intensity increases with increasing amount of deformation
(von Voss and Brotzen, 1959). Therefore, exoelectron emission could be a
measure of cumulative fatigue damage.

'xoelectron emission by fatigue deformation has been reported
(Grosshreutz and Bensen, 1963; Hempel et al, 1J064; Krogstad and Moss, 1965;
Bogachev et al, 1966; Mints and Kortov, 1967; Mints et al, 1968). The inten-
sity generally increases with the number of cycles. After it reaches a satu-
rated value, it slowly decreases until specimen failure. A rapid rise of
intensity shortly before failure has also been observed. This rise is attri-
buted to the formation of fatigue cracks, but it cannot be used to assess
fatigue Jdamage because the damage occurs and grows at the early stage of
fatigue deformation. Therefore, the progressively changing emission events
Jduring the test before the final rise should be analyzed.

OTHER  PHENOMENA

Acoustic emission has been associated with the formation and growth of
macrocracks. This phenomenon might also be useful to indicate fatigue damage
at its early stage. Since it is the subject of several associated studies,
it has not been covered here.

The possibiiity of using nuclear phenomena can also be considered. The
use of the ‘Ussbauer effect for the measurement of residual stresses has been
considered by Gonser and ‘Martin (1963), and Gonser (1968) suggests that
plastic deformation would affect nearest neighbor interactions. However, for
practical purposes, the use of the ‘Ossbauer effect is limited to ferrous
allovs.,

CONCLUSIONS

Fatigue damage can be correlated with the changes of a number of physical
properties. The physical properties which have been investigated have their
own merits as well as drawbacks. Magnetic hysteresis losses are limited to
ferrous materials. Internal stresses are the principal factor that causes
magnetic hvsteresis and eddy current losses, but fatigue process is not mainly
dependent upon internal stresses. The electric impedance method is better to
indicate crack formation and propagation leading to specimen failure than to
detect earlier fatigue damage. The changes of correlation intensity of a

16



coherent system in a fatigue process might offer an indication to earlier
fatigue damage. More information is needed. Internal friction is a bulk- type
physical property, but early fatigue damage concentrates in the surface layer.
Their correlation is therefore poor. Propagation of ultrasonic waves is a
promising method to detect fatigue damage. Surface waves instead of longitu-
dinal or shear waves should be utilized to interrogate only the surface layer.
There is very likely a relation between fatigue damage and exeoelectron '
emission because both belong to surface phenomena.

17



 BLANK PAGE



SECTION IV

EXPERIMENTAL EQUIPMENT

FATIQUE TEST UNIT

To investigate the various nondestructive test approaches under dynamic
conditions and appropriate environmental control, it was necessary to con-
struct a small, portable fatigue test unit. This unit consists of a pumping,
timing, and metering unit which feeds hvdraulic fluid into a double-acting
piston and cylinder arrangement connected directly to one end of the specimen
(figure 1). The piston and cylinder unit is rigidly attached to a loading
frame, which also supports the other end of the specimen. A microswitch
attached to the loading frame stops all circuits on specimen failure. A
plate inserted between the piston and cylinder unit and the specimen serves
as a base for mounting a ring carrying a glass chamber, which can be evacuated
and which contains necessary instrumentation. Figure 2 shows the ring, the
microswitch, and a specimen in the loading frame. The unit is designed for
loads up to 5,000 pounds and for cycling rates varying from a steady pull to
120 cycles per minute. The rate for the tests planned is standardized at the
upper limit. Actual loads are measured by four strain gages mounted on the
connecting link between the piston and the lower end of the specimen. Con-
necting the lower specimen grip and the base plate is a metal bellows, which
gives a flexible vacuum seal. The number of cycles is counted by a counter
installed on and electrically connected to the control box of the hydraulic
system. Variation of the load during test is displayed on a recorder con-
nected to a carrier amplifier into which the output of the strain gages is
fed. A calibration curve relates the load to hydraulic pressure.

The vacuum system (figure 3) consists of a mechanical pump, an oil dif-
fusion pump, two liquid nitrogen cold traps, gages necessary for measuring
pressure, and a glass chamber in which the loading frame is housed. The use
of a second cold trap is to prevent backstreaming of oil from the diffusion
pump and contamination of the instruments in the glass chamber. The ring on
which the glass chamber is mounted is pierced by a 2-inch-diameter vacuum
suction tube, a 5/16-inch air inlet hole, and electric vacuum leadthroughs.
Altogether, provision is made for a high-voltage leadthrough, an RF lead-
through, a seven-pin milliampere leadthrough, ancd an eight-pin leadthrough for
larger currents. The load strain gage leads for load calibration are on the
atmosphere side of the bellows,

EXOELECTRON EMISSION

Two approaches to detect and measure exoelectron emission were tried.
The first consisted of attempts to detect exoelectrons by means of phosphors.
A number of cathode ray phosphors were available. Attempts at detection were
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both visual with the unaided eye and by means of an image intensifier. The
instrument used was an Army Night Vision Sight AN/PVS-2 Starlight Scope with
about 4X image magnification and approximately 40,000X intensity magnification.
The use of this instrument required a completely blacked-out room in which the
entire fatigue and vacuum equipment was placed.

The other approach utilized a Bendix type 4039 Channeltron electron
multiplier, connected as shown in figure 4. The semiconductor-type multiplier
is helical in shape and has a horn of 10 mn diameter at one end. The horn
faces the middle portion of the specimen about 3/8 inch away through a hole at
one side of a shield box. The shield box is charged at the same positive
potential as the bias voltage to the electron multiplier so that only the
electrons emitted from the specimen surface facing the horn enter the electron
multiplier. The multiplier has a gain of about 108 with the application of
3,000 volts dc. The pulses from the electron multiplier are amplified and
stretched before they are counted. The number of counts in either 1 or 10
seconds is finally printed on a tape by a digital printer. Figure 5 shows the
Channeltron electron multiplier with the shield off and mounted on the loading
frame.

After completion of several tests, the type 4039 Channeltron electron
multiplier started to behave erratically. It was therefore replaced with a
type 4013 electron multiplier which is circular shaped and has a horn with
3 mm diameter. Owing to this change of multiplier configuration as well as
the space available in the glass chamber, the type 4013 Channeltron electron
multiplier was placed about 2 inches away from the specimen. To compensate
for the longer path for electron travel and the smaller horn, the shield box
in which the electron multiplier was mounted was not at bias potential but was
grounded to collect as many electrons as possible from the specimen surface.

PROPAGATION OF ULTRASONIC SURFACE WAVES

Two methods of surface waves testing were considered: The variable-angle
acrylic wedges and an angulated water-column tube. The water-column method
does not have flexibility for changing the incident angle but does permit
evaluation of a wide range of standard commercial ultrasonic transducers in
terms of crystal diameter, test frequency, focusing effects on beam control,
etes

Acrylic wedges were designed for adapting existing 2.25 Mz crvstals of
lithium sulphate for the mode conversion to surface wave mode. The crystals
ranged in sizes from 1/2 to 3/16, 1/4, and 5/16 inch diameter and were encap-
sulated in an acrylic cylinder, with the crystal axis normal to the principal
axis of the cylinder. The crystal assembly was fitted to the acrvlic wedge,
as shown in figure 6, with provisions for rotating the crystal to varv the
incident angle and for locking in a fixed angle.
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The incident angles for surface wave mode can he estimated from the
following equation:

where 83 is the incidence angle, V[ is longitudinal velocity in the acrvlic
wedge material, and VR is tne surface wave velocity in the test material.
When the ratio of \/Vp equals or exceeds unity, surface waves cannot bhe
generated since the incidence angle is 90 degrees or greater.

lowever, since the longitudinal acoustic beam from the crvstal diverges,
the practical optimum angle of incidence is larger and must be determined
emp:rically. The acrvlic wedges permitting rotation of the crvstal were
used for the purpose. As the crystals were rotated, the conditions for pure
surface wave generation in the material were determined bv touching the sur-
face and noting when the reflected energy could be cancelled. The optimum
angle was then determined by increasing che incident angle from a value less
than the theoretical value until pure surface wave propagation was obtained.

The water column transducer shown in figure 7 was developed for surface
wave propagation using the water-specimen interface for the mode conversion.
The column angle was calculated as for the acrvlic wedges except that the
value was for water. The length of the column (Yo) is calculated using the
near field equation:

.
o] e 7

Yo = . 25 T i 0.25 V]
Vi f

where D 1s the diameter of the crystal, f is the frequency, and \'[ is the
longitudinal velocity in water. The calcu’ation for 0.5-inch diameter crvstal
operating at 2.25 MHz in water gives a rir o ield length of 3.6 cm or 1.42
inches.

Evaluation of surface wave transducers was carried out in terms of stand-
ardized coupling teciiniques, velocity determination, and simulated crack
detection. The acrylic wedge trensducers vielded better results than did the
water column transducer. Of the acrylic wedge transducers, the 1/2-inch trans-
ducer proved capable of detecting all simulated cracks within a beam spread of
approximately 4 degrees.

A 1/2-inch-type SMI surface wave transducer operating at 2.25 ‘iz (man-
ufactured by Automation Industries) was used in both velocity and attenuation
measurements. Two systems were emploved to measure the surface wave velocitv.
A conventional system (figure 8) ccnsists of a Sperrv UV reflectoscope, a
Tektronix type 544 oscilloscope, and a Hewlett Packard ‘bbdel 410B ac voltmeter.
A precision ultrasonic velocity measurement system (figure 9) utilizes pulse

[ ]
~1




-

SIDE VIEW

Figure

Surface Wave Transducer

with Water Column Coupler




JuswoINses)y A3TO0TA SABM DTUOSBIZT[) 10F WSISAS TRUOTIUSAUO) *§ oanSTj

29




Figure 9., Precision Ultrasonic Wave Velocity Measurement System




superposition technique, i.e., adjustment of the pulse repetition rate to pro-
duce superposition of the desired pulse echoes. A block diagram is illustrated
in figure 10. The system utilizes a variable, high-stability, sine-wave
generator as the pulse rate source. Its output frequency is accurately
measured by a digital frequency counter. The generator output is converted
by a digital frequency divider to a pulse signal at 1/100 the frequency of the
input signal. THis pulse is processed by a pulse-gating circuits to produce

a trigger for the high-power pulse generator, an oscilloscope sync signal, and
receiver gating signals. The high-power pulse generator produces a nominal
250-volt pulse with a rise time of 3 to 6 nanoseconds (and an exponential
decay) which is used to excite the ultrasonic excitation transducer. The con-
ventional system was also used to measure the attenuation of surface waves.
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SECTION V

MATERIALS AND SPECIMENS

MATERTALS

Initially, Armco iron was selected on the basis of wide industrial inter-
est, ready availability, and as typical of body-centered cubic material. Pre-
liminary fatigue tests indicated that specimens loaded to 95.7 and 98.2 percent
of the ultimate strength failed after 9,000 and 15,000 cycles, respectively,
with indications of considerable necking; whereas a specimen loaded to 88.5
percent of the ultimate strength did not fail after 3.6 x 10° cycles. These
results indicated an extremely flat fatigue curve, which would have made
accurate control of life to failure very difficult. It was, therefore,
decided to store the Armco iron for possible future use and, for initial
studies, to use a grade 1100-0 aluminum alloy. The material gave the follow-
ing mechanical properties:

Supplier Data Own Data
Ultimate tensile strength, ksi 13.5/13.8 12.76
Tbnsiie yield strength 6.7/618 6.53
Elongation to failure, % in 2 inches 33/34 31.80

Commercial purity titanium and AZ31B-H24 magnesium alloy were also used,
but only a few preliminary tests were conducted.

SPECIMENS

Standard fatigue test specimens 7 inches long were cut from the 0.09-inch-
thick 1100-0 aluminum sheet stock. Each side of the test section has a 6-inch
radius. The widths at the center and at the end of the test section are 1/2
inch and 1-1/8 inch, respectively. After machining they were electropolished
in a bath containing 25 percent nitric acid and 75 percent methanol. After
electropolish, they were rinsed with water and then with isopropyl alcohol.

In addition, several specimens were not electropolished but chemical polished
with a solution similar to Keller's etch for aluminum but containing twice the
usual amount of hydrofluoric acid. The surfaces of both electropolished and
chemical polished specimens exhibit the same grain structure when examined
under a microscope.

Shapes of the titanium and magnesium alloy specimens are identical to the
aluminum specimen. Titanium specimens were chemical polished with a sclution
of hydrofluoric acid, hydrogen peroxide, and water; magnesium alloy specimens
were chemical polished with a solution of fuming nitric acid and water.
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SECTION VI

EXOELECTRON EMISSION TESTS

FATIGUE TEST

As a basis for future work on 1100-0 aluminum, a reliable fatigue curve
had to be determined for this test material. The specimens were tested in
tention-tension loading at stress levels varying from a minimum stress equal
to 3 percent of the maximum stress to maximum stress levels between 11,160 and
11,800 psi or about 92.5 percent of the ultimate tensile strength. Three speci-
mens were tested at each stress level. During tests, the specimen surfaces
were continually watched through a telescope to search for the appearance of a
visible crack. Tests were also interrupted at intervals to check for the
appearance of cracks by means of flourescent penetrant technique. Two speci-
mens at a maximum stress level of 11,800 psi and one specimen at a maximum
stress level of 11,640 psi did not develop cracks even at more than their
94 percent of fatigue life. llowever, their failure was sudden, and ample
stretching as well as narrowing at and near the minimun test section observed
in the test indicate that tensile fracture by necking was the cause of failure.
The upper fatigue loading limit was consequently set at 11,640 psi. The lower
limit was roughly established at 10,540 psi because a specimen did not exhibit
a crack at this stress level after being stressed to more than 5.3 x 106 cycles.

The S-N curve showing the relationship between maximum stress and number
of cvcles for 1100-0 aluminum is presented in figure 11. The solid and dotted
lines represent, respectively, fatigue failure and the first appearance of
cracks.

The fatigue limit is 10,540 psi, i.e., about 82 percent of the ultimate
tensile strength (12,760 psi). Relatively high fatigue limits (about 70 and
"5 percent of the ultimate tensile strength, respectively, for pure aluminum
and low carbon steel) have been obtained also by other investigators (tHempel
et al, 1964). These figures are higher than the values for the same materials
Jetermined by symmetrical alternate loading with zero mean stress. Such dif-
ferent fatigue behavior is probably due to the characteristics of cyclic load-
ing because the dislocation structure and density in a specimen deformed by
repeated tensile stresses (nonzero mean stress) are quite different from a
specimen in reverse bending test with zero mean stress (Feltner, 1963).

From the fatigue curve, it appears that necking could occur at a stress
level of 11,640 psi, but does not occur at a stress level of 11,500 psi. The
corresponding average fatigue life is 400,000 cycles, which is convenient from
a test-time point of view. A total of 15 specimens were therefore prepared as
noted and cycled, in lots of three, at this stress level to fractions of the
total estimated life of 30, 50, 70, 80, and 90 percent. These specimens were
used for metallographic evaluation of the fatigue-affected zone and for ultra-
sonic surface wave tests.
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EXOELECTRON DETECTION BY LUMINESCENCE

Several types of luminescent coatings were tried. In one, a ZnO phosphor
(lot T 962) developed specially for low-energy electron excitation and supplied
by Dr. R. Schraede<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>