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INTRODUCTION

1. General

Fatigue in metals is one of the most important problems faced
by engineers today. Numerous investigations of fatigue have been carried
out for the purpose of (l) obtaining design data and parameters, or (2) ob-
taining information about the metallurgical variations and damage condi-
tions resulting from fatigue. The ultimate aim of both types of studies
has been to provide a basis for predicting fatigue lives and preventing
fatigue failures under various service conditions.

Although the importance of obtaining design data and design
parameters for prediction of failure and fatigue life cannot be over-
looked, or even minimized, it does not suggest a means by which improve-
ment of the fatigue properties of ﬁ;tals can logically result. Metal-
lurgical studies, however, can lead to an understanding of the mechanisms
involved. On the basis of an understanding of these mechanisms, materials
with improved fatigue properties may eventually be evolved.

Before such improvements in materials can be made, it is
necessary to know what characteristic conditions of damage are present
in a metal during the process of fatigue. This necessary body of know-
ledge can be obtained by employment of various metallurgical techniques
of observation during and after the fatigue process. The most pfomising
tool which is presently availlable for these studles 1s the electron
microscope. For some time now it has played a very ilmportant role in

the identification of metallurgical structures and in the understanding .



of their relation to the mechanical properties of metals. More recently,
specimen preparation techniques have been developed which allow the
electron microscope to be used for direct observation of dislocations

in metals. This latter development has many advantages in the study

of metals and can be applied to study the dislocation distributions

resulting from the fatigue process.

2. Problem Statement

This investigation has been'undertaken in order to obtain and
compare information about the dislocation distributions present in an
annealed commercial 304 stainless steel sheet as a result of the follow-
ing conditions of mechanical deformation:

1. opure tension at strain levels above the proportional limit.

2. constant amplitude cyclic loading at strain levels near

the yield strain, and at various numbers of cycles.

3. Selection of Material

Type 304 stainless steel is a face-centered cubic alloy of low
stacking fault energy which has many engineering applications. Whereas
excellent work has been done in transmission electron microscopic studies

(33), (48)

of fatigued 304 stainless steel by previous workers, their
objectives did not require variation of the stress level or the number
of cycles; consequently, information regarding the influence of these
important variables on the dislocation distributions is not available.

Such information is essential for understanding the mechanism of fatigue

failure.
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i, Selection of the Method of Fatigue Loading

The selection of the method by which a specimen is fatigued is
influenced by the desired strain level. For low cycle fatigue, constant
strain results are more meaningful than constant stress results since the
deformation is not dependent upon the cyclic hardening characteristics
of the material. Also, the strain is not dependent upon the inertia of
the fatigue machine.

The interest in fatigue is generally in the condition of zero
mean stress since this condition of loading is usually attained in prac-
tice. Aithough it is extremely difficult to maintain zero mean stress in
thin fatigue specimens, it is easier to approach this condition using
deformation by reversed bending than by using push-pull, tension compres-
sion deformation. For these reasons, reversed bending at constant strain
was selected for this work. This selection also provides a basis for
comparing the results with the results of other work.

The problems involved in preparation of the specimens for
examination by transmission electron microscopy often place a practical
limitation on the size of the test specimens. For this reason,many test
specimens which have been used for electron transmission studies were
thin sheet with thicknesses of 0.002 to 0.015 inch. These thicknesses,
however, may not be representative of the bulk condition of the material
or of the mechanical deformation process. If thick specimens are fatigued
in reversed bending, it is relatively easy to maintain zero mean stress.
Therefore,it is necessary to use a specimen that is thick enough to main-

tain zero mean stress easily and still thin enough so that preparation



-l

of the specimens for examination by electron transmission microscopy is
feasible. The use of 1/16 inch thick specimens provides a satisfactory
compromise that is (1) representative of the bulk condition of the material
and the process of mechanical fatigue, (2) thick enough to maintain zero
mean stress, and (3) thin enough to make electron transmission specimen

preparation practical.



REVIEW OF THE LITERATURE

1. General

In 1903, Ewing and Humfrey(ll) presented some of the first work
on the study of microstructural changes in metals resulting from fatigue
loading. With this work,they advanced their "attrition theory" of metal
fatigue based on the observations of slip line formation in metals and
the "expulsion of debris" (now commonly referred to as the "formation of
extrusions") at or near the slip lines. From this time until 1924, no
significant advances were made in the understanding of fatigue. Although
the literature of that period contains many theories on the mechanism of
fatigue, these theories were modifications of Ewing and Humfrey's attri-
tion theory.

Beginning in about 1924, Gough and his co-workers(ls)'(23)
reported on a series of fundamental studies that form the basis for much
of the present knowledge of fatigue. In particular, they were among the
first to use single crystal fatigue specimens to achieve an accurate rela-
tion of the fatigue deformation to crystal structure, and were able to
show the directional movement of slip during fatigue to be on the {lll}
planes and in the <110> directions for face~centered cubic crystals.

They also showed the effects of atmosphere on the fatigue process, and
concluded that fatigue crack propagation is dependent on environmental
conditions, but that fatigue crack initiation is nota(al)-(EB) These
latter conclusions have since been confirmed by Wadsworth and Hutchings.(6h)

One of the more interesting results of fatigue loading is the

formation of slip bands. Metallographic studies of slip band formation

=5=
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(27),(28)

have been made on steel by Hempel and co-workers

(14),(15)

and on aluminum

by Forsyth using light microscopy techniques. Thompson(59>
employed the electron microscope and surface replica techniques to study
the slip band phenomenon. He observed "persistent" or "uninhibited" slip

(k1) , (k2)

bands which first appeared after very few cycles. Kemsley, also
found persistent slip bands, but only at low stress levels. Wood(77)'(8o)
hypothesized that there are two types of slip caused by fatigue; fine and
coarse. He referred to coarse slip as fatigue banding and suggested that
two fatigue mechanisms occur, one at low stress levels and another at

high stress levels. Bendler and Wood(6):(7) employed replica and taper
sectioning techniques to study banding, intrusion, and extrusion in oxygen-
free, high conductivity copper by light and electron microscopy. ‘Based on
these types of observations of slip bands, it has been proposed that

fatigue cracks result from voids left behind by extrusions(hh) or from

(10)

the growth of intrusions.

2. Transmission Studies of Fatigue

At present, the literature contains only a limited number of
articles describing transmission electron microscopic studies of fatigue,
and most of these involve metals having face-centered cubic lattice
structures.

Hirsch, Partridge, and Segall(33) attempted to show the rela-
tion between surface slip steps and dislocation arrangements below the
surface. Fatigue specimens of 0.012 inch sheet 18/8 stainless steel were
fatigued in reversed bending at very low stresses giving fatigue lives on

the order of 108 cycles. The thin films for examination by transmission
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microscopy were prepared by electropolishing the fatigued samples from
one side only, using a modification of the Bollman thhnique(9) which
was developed by Tomlinson.(6o) They concluded that the dislocation
distribution at the surface is similar to that below the surface.

Segall and Partridge(h9) used transmission electron
microscopy to study foils prepared from 1/16 inch aluminum sheet that was
fatigued in reversed bending. They concluded from their observations that
the subgrain size which results from fatigue at high stress levels is
larger than the subgrain size that results from unidirectional tensile
deformation. They observed that a lower density of dislocations was
present within the subgrains of aluminum deformed in unidirectional ten-
sion. DPolygonization, similar to that observed in unidirectional tension
at high plastic strains, was present in the foils prepared from the
fatigued specimens. Aluminum fatigued at low stresses showed an extremely
high density of stable dislocation loops very similar to the stable dis-
location loops found in quenched aluminum, although the dislocation loops
in the fatigued material were present in regions of high dislocation den-
sity while those present in the gquenched specimens were usually uniformly
distributed except near the grain boundaries where they were very few in
number.

Build-up of subgrains under push-pull, tension-compression
fatigue was found for fatigued aluminum by Wilson and Forsyth,(76) by
Grosskreutz,(ah)’(25) and by Grosskreutz and Waldow,(26) In the work of

these last authors, using flat strips 0.005 inch thick of polycrystalline

annealed aluminum cemented to plastic bars 0.025 inch thick and then
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fatigued by reversed bending at‘constant amplitude, distinct subgrains were
observed after 500 cycles. This is in contrast to the results of Segall and
Partridge(hg) who did not find subgrain formation in specimens of aluminum
that were fatigued by constant reversed stress for the same fatigue lives.

Segall, Partridge and Hirsch(hS) studied fatigued specimens of
various single crystal and polycrystal face-centered cubic metals. Copper,
nickel, gold and a specimen of 18/8 stainless steel deformed by reversed
bending at high constant stress (50,000 cycle life) were all found to form
the same type of dislocation arrangements. Dislocations and dislocation
loops were generally concentrated in localized regions separated by regions
of approximately the same width having a very low density of dislocations.
They pointed out that for these materials the dislocation distribution that
resulted from fatigue at high stresses differed from that produced by
unidirectional tension in that no cellular structure is formed by fatigue and
that most of the dislocations that existed after fatigue are in the form
of loops. They concluded from their results that the distributions of
dislocations 100 microns below the surface are similar to those at the
surface.

Snowden(so)’(5l) attempted to correlate cyclic hardening with
dislocation arrangement in single crystal aluminum oriented for single slip.
His results for specimens strained in the easy glide range in completely reversed
tension and compression suggested that the presence of dislocation tangles
has an important influence on the Bauschinger effect and the cyclic harden-
ing of crystals. He also suggested that the formation of tangles is likely

to be an irreversible process and that they may act as obstacles to disloca-
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tion motion as well as dislocation sources. This notion is in agreement

(69),(70),(72),(75)

with the work of Wilsdorf and co-workers.

3. Dislocation Tangles and Cellular Structure

46)
49) suggests that for unidirectional

Experimental evidence(lT)’(
tension, initially isolated tangles increase in number and gradually develop
into a cellular structure of dense tangles surrounding regions of low
dislocation density. This cellular arrangement of dislocation tangles has
been observed in bulk pure materials deformed unidirectionally at relatively
high strains, and has also been found in fatigued specimens of pure metals
having high stacking fault energyo(le)’(h8)’(h9) Dense tangles forming
cellular structure have not been reported for brass or other materials
having low stacking fault energy under either unidirectional tension or
fatigue loading. Theories relating the appearance of tangles to point
defects, o0ld and new dislocations, and vacancy clusters are discussed by

Wilsdorf, Maddin and D. Kuhlman Wilsdorfo(73>

L. Transmission Studies of Stainless Steel

In addition to the studies conducted on specimens from fatigued
specimens, a number of other transmission electron microscopic studies of
dislocations and dislocation interactions have been carried out using
stainless steel because of its low stacking fault energy and the charac+
teristic dislocation pile-ups found in it. Whelan, Hirsch, Horne and Bollman(67>
examined thin foils (.007-008 inch thick) of 304 stainless sheet cold rolled
to achieve different amounts of cold work up to 10 per cent reduction in

thickness. Their results showed that the dislocation arrangements had an



increasing departure from simple dislocation pile-ups as the amount of
cold reduction increased. Hexagonal dislocation networks were observed
after approximately 2.5 per cent strain. With a slightly greater amount
of strain, irregular networks of dislocations were reported to be
prominent, and dislocation densities near grain boundaries were reported
as being considerably higher than in the interiors of the grains, although
no micrographs of specimens strained gbove 2.5 per cent were shown.
Several dislocation interactions in stainless steel have been treated
theoretically by Whelan.(65) H. G. F. Wilsdorf and D. Kuhlman Wilsdorf(7o)
have studied the behavior of dislocations and dislocation loops in
quenched and in irradiated stainless steel. In none of these studies

were cellular distributions of dislocation tangles reported. The maximum

thickness of the material used in these studies was 0.012 inch.



EXPERIMENTAL PROCEDURE

1. Material
The material used in this study was 1/16 inch commerical

304 stainless steel sheet with the composition:

Cr Ni [} Mn Mo i Cu P s

18.10 9.25 0.077 0.9 0.21 0.47 0.22 0.021 0.023

The annealed grain size was A.S.T.M. 5-7, and the grains had a pre-
ferred orientation of the < 110 > direction normal to the surface
from previous processing. The tensile properties of the annealed
sheet material prior to fatigue or tensile deformation were:

Yield Strength = 29,000 P.S.I.

Tensile Strength = 80,000 P.S.I.

Young's Modulus = 30 x 106 P.S.I.

Reduction in Area = 59 per cent

A stress-strain curve of the material for low strains is plotted in

Figure 1.

2. Preparation of the Fatigue and Tensile Specimens

The fatigue specimens were of the constant strain type as
shown in Figure 2. The tensile specimens were of the standard sheet
tensile type with a gage length of 2—1/2 inches and a cross sectional
area of .060 square inches.

After machining, the fatigue and tensile specimens were
annealed at 1900-19509F for one hour, water quenched and then heated

to 4OOOF to relieve stresses. No appreciable precipitate was observed

-11-
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Figure 2. Dimension Drawing of the Fatigue Specimen.
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in the specimens. After the heat treatment,one surface of the
fatigue specimens was mechanically polished through l/h micron
diamond grit and then electropolished to remove approximately 0,001
inch of metal from the polished surface to assure elimination

of surface damage from the mechanical polishing.

3. Fatigue Testing

The fatigue tests were conducted by reversed bending using
the constant amplitude fatigue machine shown in Figure 3. This
machine incorporates use of aspecimen cradle to minimize superimposed
horizontal tension during bend cycling. The numbers of cycles and the

levels of strain used in the various tests are listed in Table I.

TABIE I

STRAIN LEVELS AND CYCIES OF FATIGUE

Strain Number of Cycles

1050 ‘ 5.5 x 10°%
1600 5 x 107 1 x 107 5.5 x 107 1.0 x 100
3000 5x10° 85 x 1007

5650 10 50% 200% 1000% 11,000+

¥Foils were obtained from the surface.
+Failure occurred at this number of cycles.

L, Tensile Testing

The tensile specimens were deformed in a Tinius-Olsen
60,000 pound capacity tensile machine. The unidirectional strains
to which the specimens were deformed are listed in Table II. Deforma-

tions less than one per cent were measured by means of a Pico visual



Figure L.
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Electropolishing Apparatus Used for the Second Step
of the Thinning Process. On the left is the Fisher-
Szirmee spperatus. Adjustment of the cathode is made
through movement of the cross slide. Tap water
passes through the coil which is immersed in the
electrolyte thereby cooling the electrolyte.
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strain indicator which was connected to an Alinco foil strain gage.
The strain gages were bonded to the tensile specimens with Eastman
910 contact cement. Calipers were used to determine the magnitude

of the higher strains.
TABIE II

LIST OF TENSILE TESTS

TEST NO. STRAIN

1 3,000 Micro-inch/inch
2 5,650 Micro-inch/inch
3 10,000 Micro-inch/inch
L 5.0 Per cent

5 10.0 Per cent

6 20.0 Per cent

T Fracture

5. Preparation of Thin Films for Electron Transmission Examination

After the fatigue and tensile specimens were strained, pieces
of metal approximately 5/8" by 5/8" were cut from them with a fine
blade hacksaw and thinned to the thickness required for electron trans-
mission examination. Thinning of the specimens from the original thick-
ness was done in a three steps; the first was mechanical, and the
following two were electrolytic polishing. The thinning of the fatigue
specimens was done from one side so that the final films for examination
in the electron microscope could be taken from the metal at the polished
surface or from the metal within = .0015 inch of the polished surface.
The tensile specimens were thinned so that films were taken from the

region of the neutral axis.



a. Fatigue Specimens

The first thinning step consisted of wet polishing the
specimens through the following metallographic papers to a thickness
in the range of 0.012 inch to 0.018 inch. The approximate thickness
at which polishing was stopped for each metallographic paper was:
100 grit: 0.020 to 0.025 inch.
240 grit: 0.016 to 0.022 inch.
400 grit: 0.014 to 0.020 inch.
600 grit: 0.012 to 0.018 inch.
During the first thinning step the specimens were glued to
a 1" x 2" x 3/4" steel block so that they could be menipulated easily.
Eastman 910 contact cement was found to be a satisfactory agent for
fastening the specimen to the steel block because, in addition to its
relatively high bonding strength, it hardens rapidly, bonds uniformly
over the contact surface, and. is insoluble in water but dissolves
easily in acetone. The uniform bond was necessary to eliminate buck-
ling of the specimens and to provide a base from which the specimens
could be evenly referenced during the mechanical polishing. The
insolubility in water permitted the use of wet polishing procedures
to minimize surface heating while the easy solubility in acetone allowed
the specimen to be removed from the steel block after polishing without
thermal, mechanical or chemical damage.
The second thinning step consisted of electropolishing the
specimens from one or both sides to a thickness of less than .00l inch.
Electropolishing was done in an electrolyte of 60 per cent orthophosphoric

and 40 per cent sulphuric acid at room temperature and a D.C. voltage of
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6-9 volts, using the Fisher-Szirmae apparatus shown in Figure 4. This
apparatus provides independent control of cathode location and anode
location. This feature is necessary since adjustments of the cathode
location with respect to the specimen must be made as the electropolishing
progresses. In addition, the cathode and the anode can be rapidly removed
from the electrolyte, thereby terminating the electropolishing and
minimizing possible etching of the specimen. The objective of this.

step was to obtain as large a piece of the specimen as possible having

a uniform thickness less than 0.001 inch.

A procedure was found to be effective in reaching this
objective. With the relatively thick specimens a more uniform thinning
was obtained when only one face and the four thin sides (0.012 - 0.016
inch thick) of the specimen were completely masked with Microstop* during
the electropolishing. Whenever preferential thinning at the specimen
edge became visibly apparent during electropolishing the process was
stopped and the mask was dissolved in acetone. The mask was then
renewed over the same area as before and the electropolishing was
continued.

This process was continued until the specimen was less than
0.003 inch thick, except for the case where the foils were being pre-
pared from metal at the surface of the specimen. In this case the
electropolishing was continued from one side to less than 0.001 inch.

The 0.003 inch material was then electropolished from both sides until
the specimens were less than 0.001 inch thick. It was necessary to

mask the edges of the specimen to minimize preferential thinning there.

*Microstop is an acetone base,non-conducting lacquer manufactured by
Detroit Chrome and Chemical, Detroit, Michigan.
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The third step in the preparation of the foil consisted of
electropolishing the thin piece of the specimen prepared by the above
two steps from one or both sides to the thickness required for electron
transmission examination. The method employed for this step basically
consisted of electropolishing the material held between two relatively
thin washers as shown in Figure 6. The washers formed a rigid support
frame which provided ease in handling and storing the specimen assembly.
Final handling operations were performed in the protection of this
support frame. The geometry of the specimen assembly was chosen such
that the assembly could be placed directly into the standard specimen
holders of the microscope. The washers also form a conducting mask
around the foil edges which acts to provide a uniform current density
over the surface of the foil.

The assembly was joinned by spotwelding the washers together
at the locations indicated by the crosses in Figure 6 while the assembly
was held in the forceps shown in Figure 5. The forceps provided a jig
for assembling the washer-foil sandwich and also provided a means of
holding the assembly without damaging it during the spotwelding operation.

The area of thin metal that resulted from the second thinning
step was usually about l/h inch®, This area was cut into 0.1 inch
squares by either of two methods. In the first method a scalpel was
used to cut the squares directly from the thin metal while a smooth
piece of plexiglass was used as a cutting base. The second method
employed preferential electropolishing to cut out the small squares.

In this method the small squares were obtained by lacquering a grid



-20-

MALE :
HOLDER

WASHERS

SPECIMEN

FEMALE
HOLDER

SECTION THROUGH FORCEPS TIPS

FORCEPS

(B)
187 -
2 1 T 1
MALE 9 % 3w
HOLDER o Q5
_’_ .
4 "
f 062
o & 138 ——
% _?-_ l— 140 ——]

"-.062 - T
FEMALE T T i o

HOLDER 4%7/ _'c;)._
B —

END SECTION VIEW OF TIPS
(C)

Figure 5. Forceps Employed for Holding the Specimen
Assembly During Spotwelding..
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Figure 6. Sketch Showing the Assembly of the Specimen
Prior to the Third Step of the Thinning Procedure.
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of 0.1 inch squares on one side of the thin foil and then further
electropolishing the foil until preferential thinning at the lacquer
edge dissolved the metal that was exposed from both sides. Several

0.1 inch squares usually were obtained from each specimen and joined
between the washers immediately after the second thinning step. They
were then stored in a desiccator until electron transmission microscopy
studies were made of them.

The final electropolishing was done in the manner illustrated
in Figure 7. The forceps shown here acted asthe anode lead and are
insulated except at the tips where they make electrical contact with
the specimen assembly. The electrolyte mixture was held in a small
glass or a beaker in which a cathode was placed. The geometry of the
cathode did not appear to have any effect on the uniformity obtained
in the foils. The electrolyte and voltage used for this step was the
same as that used for the second thinning operation, i.e., 60 per cent
orthophosphoric - 40 per cent sulphuric acid and 6-9 volts D.C. The
electropolishing was arrested when a small hole appeared in the foil.
Usually the foil thinned in this manner would contain relatively large
areas which were suitable for electron transmission microscopic exami-
nation. If the thin areas were not sufficiently large when examined
in the microscope, the specimen was removed from the microscope and
electropolishing was continued until the foil contained suitable areas.
After electropolishing was stopped, the foil was immediately washed in
distilled water and then air dried. Excess water was blotted off the

washers with lens tissue or bibulous paper.
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Figure 7. Photograph Showing the Final Thinning Operation.
The forceps act as the anode lead and are covered
with a nonconducting mask except at the tips
where electrical contact is made with the speci-
men assembly. The cathode is shown immersed in

the electrolyte.

Figure 8. Combination Punch and Die Used for Making the
Washers for the Specimen Assembly.
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The washers used were made from 304 stainless steel. This
material was selected because of its favorable welding and magnetic
characteristics. The washers were made by the combination punch and
die shown in Figure 8.

b. Tensile Specimens

In order to obtain the films from the neutral axis of the
tensile specimens a slight variation in procedure was required. The
specimens were mechanically thinned to 0.038 inch thick in the same
manner as the fatigue specimens and removed from the steel blocks.
The specimen was then glued to the block with the unpolished side up ard thimed
mechanically to approximately 0.015 inch to 0.018 inch. After the
mechanical thinning, electropolishing was conducted from one side
only until the specimen was approximately 0.009 inch thick. At this
thickness electropolishing was conducted from the other side until
the metal was approximately 0.003 inch thick. When the specimen
metal was approximately 0.003 inch thick, thinning was continued
from both sides to less than 0.001 inch thick. The procedure for

the final thinning was the same as for the fatigue specimens.

Transmission Studies

The electron transmission studies were conducted at 80 and
100 K.V. on a J.E.M. Model 6A electron microscope equipped with a
tilting attachment. A minimum of five films and in some cases as
many as 15 were examined for each condition of fatigue. For certain

‘s . * - .
conditions of fatigue,” electron transmission observations were made

*Marked with an asterisk in Table I.
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from foils that were obtained from within 0.3 microns of the
specimen surface.

A tilting stage with an angular range of + 20o was
to obtain optimum reflection conditions and to determine the
of varying reflections on the observed images. Although the
attachment was not used on all foils it was used on several

from each fatigue specimen.

fatigue

employed
effect
tilting

foils



OBSERVATIONS

1. Dislocation Rearrangement During Electropolishing

The structures that are observed in thin metal foils by transmis-
sion electron microscopy may be different from those which were present in
the thick specimens from which the foils were prepared because handling
and electropolishing can cause rearrangement of the dislocations in the
foils. In the present study, the rigid support provided by the washers
minimized dislocation rearrangement during handling of the thin foils. A
loss of dislocations from the surface of the specimen has been found to

(61),(62),(75)

result during electropolishing. For this reason there is a
minimum thickness at which the foils should be examined in order to obtain
results that are representative of the structure of the thick specimens.
This loss of dislocations was also apparent in the present study. For
example, the thinner regions of the metal near a hole in the foil often
would have the same appearance as thicker regions in an annealed foil. As
the thickness increased away from the edge of the hole, there was a corre-
sponding increase in the dislocation density until a certain thickness was
reached at which the arrangement of dislocations appeared to be the same
as in the thicker regions of the foil. Unfortunately, there are no known
means available by which rearrangement and loss can be controlled during
electropolishing. However, the problem of rearrangement and loss during
electropolishing was minimized in this study by making observations only
on the thicker portions of the foil. The solutions used in this study to
minimize dislocation rearrangement appear to be the best available at the

present state of the art.

~26-
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2. Effect of Surface Preparation and Mechanical Thinning

Work was undertaken to determine if (l) preparation of the surface
of the fatigue specimens and (2) mechanical thinning of the specimen to
.012 - .018 inch caused damage to the surface and to the regions from which
the thin films were taken. A specimen of annealed stainless steel was
subjected to the same techniques of surface preparation and film prepara-
tion as the fatigue test specimens except that it was mechanically thinned
to 0.006 inch thick prior to electropolishing. Areas from foils of this
annealed and thinned specimen are shown in the micrographs of Figures 9 and
10. By tilting the foils in the electron microscope the specimen was found
to have a relatively low density of dislocations. Figure 10 shows a speci-
men tilted to show the maximum number of dislocations and their random
orientation and nature. From the observations made on these foils it was
concluded that damage caused by surface preparation or by mechanical thin-
ning was negligible. Support for this conclusion was found in the observa-
tions made from the foils of specimens strained at very low tensile strain.
Figure 11 and 12 are electron transmission micrographs from these foils.

(65)

The dislocation distributions were similar to those obtained by Whelan

(30)

and Hirsch for the same strain levels. In their work initially thin
annealed stainless steel sheet was rolled various amounts and then electro-
polished using the Bollman Technique(9) to prepare the thin foils. Since
the results were essentially the same for the two methods, it was concluded
that the first thinning step does not damage the foil. The work of

Szirmae and Fisher(5u) can also be used to support the use of the first

step of thinning. Their work showed that there was very little difference
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®
Figure 9. Transmission Micrograph Figure 10. Transmission Micrograph
of a Thin Foil Prepared from the of a Thin Foil Prepared from the
Surface of an Annealed Specimen of Surface of an Annealed Specimen of
30k Stainless Steel. 14,000X 30L Stainless Steel. A region of

high dislocation density. 10,000X

-

Figure 12. Pile-ups and Interaction
of Pile-ups on Different Slip Sys-
tems Near a Grain Boundary. Micro-
graph obtained from a specimen that
was deformed 0.56 percent by uni-
directional tension. 6,100X

Figure 11. Transmission Micrograph
Showing Dislocation Pile-ups Re-
sulting from an Unidirectional
Tensile Strain of 0.3 Percent.
8,000%

Figure 13. Formation of Regular Figure 14. Dislocation Inter-
and Irregular Networks Caused by actions at One Percent Uni-
a Unidirectional Tensile Strain directional Tensile Strain.

of 0.56 Percent. 18,000X 18,000X
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in the dislocation density and the dislocation distributions present in a
foil that had only been thinned by electropolishing and those present in
a foil obtained by electropolishing after mechanically thinning to 0.002

inch by sanding with 500 grit metallographic paper.

3. Results from Specimens Deformed in Tension

The dislocation distributions observed as a result of increased
deformation in tension on the 1/16 inch thick specimens of 304 stainless
steel support the observations of previous workers(65)’(67)’(h8> on 0.1
and 0.2 mm. stainless steel foil. A definite variation of dislocation
arrangements occurred which apparently paralleled the inflection points
of the nominal stress strain curve of this material. The stress-strain
curve of this particular material has a definite "hold" above its propor-
tional limit as shown in Figure 1. This hold starts at approximately
1000 micro-inch/inch strain and persists to 5000 micro-inch/inch strain.
Coinciding with this flat portion of the curve were dislocation arrange-
ments of the type shown in Figures 11 and 12. At the low end (.1 per cent
strain) simple pile-ups of dislocations were observed at the grain
boundaries and were primarily present on one slip system of each grain.
At the higher (.3 - .5 per cent strain) end of this hold, dislocation
pile-ups were present on different slip systems and interactions of these
pile-ups were predominant throughout the grains. The densities of pile-
ups and of isolated dislocations were not uniform throughout all grains.

At slightly higher strains, the stress-strain curve rises

sharply. At one per cent strain, dislocation interactions became more
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numerous, and regular as well as irregular dislocation networks resulted.
These networks were found to increase in density and irregularity with
increasing strain to above five per cent. Figures 13 through 17 show disloca-
tion interactions and irregular networks in the specimens strained at one
per cent and five percent. At 10 per cent strain the first cell structure

on dense dislocation tangles was observed. Figures 18 and 19 show the

cell structure of dense dislocation tangles which resulted from strains of
10 per cent and 20 per cent respectively. These tangles were not predomi -
nant throughout the material but were definite and dense within certain
grains. In this approximate range of strain the slope of the nominal stress-
strain curve starts to decrease. At higher strains there was a greater
density of cell structure of dislocation tangles and large regions of
faulted material as are shown in Figures 20 and 21. At fracture, which
corresponds to a true strain of 0.9, extremely dense cells resulted. They
were, however, not prominent but were rather intermittently dispersed
throughout the material. Two other more prominent features were observed
in these films. One of these was an extremely faulted structure of which
Figure 21 is a typical region. The second prominent feature was the inter-
action of stacking faults which were present within different planes.

These results show a definite characteristic relation between
portions of the stress-strain curve and the defect structure of stainless
steel as observed by electron transmission microscopy. In the flat portion
of the curve, apparently dislocations were able to glide easily and form
the simple pile-ups which increase in density and number of dislocations
with little increase in flow stress. The termination of this portion of

the curve appeared to coincide with longer range interactions of dislocations



-31-

Figure 15. Regular and Irregu- Figure 16. Regular and Irregu-
lar Networks Produced by Five lar Networks Produced by Five
Percent Unidirectional Tensile Percent Unidirectional Tensile
Strain. 55,000X Strain. 55,000X

s 4

b

Figure 17. Typical Dislocation Arrangement
Produced by Five Percent Unidirectional
Tensile Strain. 35,000X
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A
Figure 18. Cellular Structure Figure 19. Cellular Structure
of Dislocation Tangles Formed of Dislocation Tangles Formed
by 10 Percent Unidirectional by 20 Percent Unidirectional
Tensile Strain. 25,000X Strain. 25,000X

Figure 20. Stacking Faults and Figure 21. Typical Region in
Dislocation Tangles Formed by the Tensile Fracture Speci-
20 Percent Unidirectional Ten- men. 20,000X

sile Strain. 17,000X
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to form both regular and irregular networks. It appears that the effect

of these interactions was to greatly increase the stress as is evidenced
by the relatively steep slope of the stress-strain curve at strains of

0.5 to five percent. With the decreasing slope of the curve, cell structure
of dense dislocation tangles as well as regions of numerous stacking faults
appeared. At fracture small cell structure similar to that found at lower
strains was not observed; instead, larger cells with extremely dense and
thick walls of dislocation tangles as seen in Figure 16 were found.
Apparently, the effect of increased strain in pure tension was to sweep the

smaller cells into single large cellular arrangements of dislocation tangles.

L. Results from Specimens Deformed by Fatigue Loading

Basic differences were observed in the dislocation distributions

present in specimens which were fatigued at different strain levels.
a. Low Strain

At low strain the specimen was fatigued at 1050 micro-inch/inch
strain and 5.5 x lO6 cycles. The thin foils obtained from this specimen
contained dislocation pile-ups and a relatively low density of dislocations.
Electron transmission micrographs of these foils are shown in Figures 22
and 23. Figure 22 is interesting in that it shows the projections of slip
steps at an internal grain boundary. It is difficult to determine whether
these lines result from slip steps in both grains or if they are in only
one of the grains. The same type of phenomenon was reported by Hirsch,
Partridge and Segall(33) for surface slip in fatigue at low stress levels
and for surface slip in unidirectional tension. The important difference

here is that the surface in this case is an internal grain boundary. It
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is thus possible that the steps are associated with void regions at the
grain boundary and that these voids are essentially intercrystalline cracks.
The formation of these slip lines was probably due to the passage of a number
of dislocations, and the vacancy atmospheres associated with them into the
region of the grain boundary. This could possibly provide a means of
internal crack initiation for failure at very low strain fatigue in the

same manner as for surface crack initiation. This also supports the view
that the initiation of failure does not necessarily occur at the specimen
surface. The slip steps could have been made possible through the type of
damage which the specimen received at the low strain level. The damage

was not very severe and dislocations were either arranged in pile-ups or
were rather well defined within slip systems. If dislocations that are
arranged in either of these two fashions become pinned at the grain boundary
surface, it is possible that they would rotate about the pinning point as

a result of fatigue cycling and pass out through the grain boundary surface.
Figure 23 is a micrograph of a region from another foil taken from the low
strain fatigue specimen. This region is one of the more severely damaged
regions that were observed in the foils from this fatigue specimen. Dis-
location tangles and loops have formed and are readily seen in the micro-
graph. Although the tangles and loops are present, they still appear to

be defined within certain slip planes as is evidenced by the well defined
parallel lines of dislocations and dislocation tangles. At 5.5 x 106

cycles no banding or striation effect was observed. However, Hirsch §3‘2£§33)

found striations in stainless steel at 107 cycles for low stress levels.
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Figure 22. Slip Steps at an Figure 23. Transmission Micro-
Internal Grain Boundary of graph of a Region of Relatively
a Low Strain Fatigue Speci- High Damage Formed at Low
men. 12,000X% Strain and 5.5 x 100 Cycles.

2k ,000%

¥

£

fp#'%

Figure ok, Isolated Groups of Figure 25. Segregated Bands of
Dislocation Pile-ups Formed Dislocation Pile-ups and Stack-
During Fatigue at Medium ing Faults Caused by Fatigue at
Strain. Lo ,000% Medium Strain and 100,000 Cycles.

9,000X

Figure 26. Dislocation Loop Ob-
served in a Specimen Cycled for
100,000 Cycles at Medium Strain
15,000X
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b. Medium Strain

At the 1600 micro-inch/inch strain level a very definite pattern
of heavy banding was observed as is shown in Figures 25 to 30. The bands
increased in density and width as the number of cycles was increased.
Failure occurred at lO6 cycles at this strain level. The first 5,000
cycles resulted primarily in dislocation pile-ups similar to those shown
in Figure 24. There were many regions in the foils in which the density
of dislocations was very low and the material had the same appearance as
the annealed foils. The pile-upsshown in Figure 24 appear to be forming
into compact groups within the planes of the pile-ups. These pile-ups are
relatively far away from the grain boundary and do not extend to the grain
boundary. These factors could possibly have significance in that such
pile-ups would not be expected to result from long range movement of dis-
locations. A possible implication of these observations is that the pile-
ups may have formed as a result of relatively small to-and-fro motion of
individual dislocations. This would seem reasonable in view of the small
plastic deformation that occursduring the fatigue cycle and the dependence
of the density of these pile-ups upon the number of cycles as reported below.
At 100,000 cycles the foils showed bands of dislocation pile-ups and stack-
ing faults which are seen in the low magnification micrograph of Figure 25.
The dark bands are regions of stacking faults and dislocation pile-ups
which lie in the {lll} planes. The normal to the surface is in the <110>
direction. TFigure 26 shows a distinct example of a dislocation loop which
may have resulted from the generation or migration of vacancies to form a

vacancy cluster which collapsed into the loop, or from the interaction of a
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(17)

dislocation with a point defect. Dislocation loops were very apparent
in the medium strain specimens which were fatigued at or above 100,000
cycles. The damage observed at 100,000 cycles was not predominantly dis-
location tangles but instead was primarily segregated bands of stacking
faults and dislocation pile-ups. Therefore, it is probable that the
machanisms of interactions with point defects such as vacancy clusters to
form dislocation loops were not the only cause of these loops, but that
the mechanism of a vacancy disc collapsing to form a loop was also signif-
icant at medium and low strain. Examples of apparent dislocation interac-
tions with point defects have, however, been observed and are shown in
Figure 31.

An increase in number of cycles to 550,000, resulted in denser
bands which were more closely spaced than at a lower number of cycles.
Micrographs of typical damage conditions experienced at 550,000 cycles
are shown in Figures 27 and 28. The bandscontain numerous stacking faults,
dislocation pile-ups, and regions of dislocation tangles and prismatic
dislocation loops. The bands are very close together and appear to be
linked by relatively long dislocations and isolated stacking faults.

This trend of formation persists with further cycling as is shown by the
micrographs of foils taken from a region near the crack of the failure
specimen (Figures 29 and 30). Only one instance of tangles forming a
cellular structure was observed at the medium strain level. Most of the
tangles were within the dense regions of dislocation pile-ups and stacking
faults which formed the bands. This band structure of tangles, faults and

pile-ups appeared to be characteristic of the material fatigued at this



Figure 27. Bands of Dislocation

Tangles and Stacking Faults
Formed at Medium Strain and
550,000 Cycles. 20,000X

Flgure 29. pefect
Present in the Specimen
Failed at Medium Strain.
15,000

Figure 28. Interconnected Bands

of Dislocation Tangles, Pile=-
ups and Stacking Faults Result-
ing from Medium Strain and
550,000 Cycles. 20,000X

Figure 30. Typical Bands of
Extremely Dense Defect Struc-
ture in the Specimen That Was
Falled at Medium Strain.
15,000X
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strain level. It should be pointed out that this strain level just exceeds
the proportional limit of the material and at this level of strain, pile-ups
are virtually the only damage experienced at l/h cycle.
c. High Strain

The fatigue tests at high strain were run at strain levels of 3,000
micro-inch/inch and 5650 micro-inch/inch giving fatigue 1lives of 85,000
and 11,000 cycles, respectively. The most striking feature observed in the
foils obtained from these specimens was the formation of a cellular struc-
ture of dislocation tangles as shown in Figure 35. Here again the formation
of dislocation tangle structure was dependent upon the number of cycles of
reversed strain. At the 3,000 micro-inch/inch strain level formation of
the cellular structure was first observed at 5,000 cycles. Certain features
in the buildup of this cell structure of-tangles were observed with respect
to the <110> normal. Micrographs showing the sequence of cell formation
by dislocation tangles are shown in Figures 31 through 3L InFigure 31 the appar-
ent interaction of dislocations with point defects and rotation of the disloca-
tions in their plane to lie in the <101> direction can be seen. The direc-
tion of this line is at an angle of 60° to the plane of the foil. This
type of buildup was observed in the form of long straight lines of disloca-
tions and dislocation tangles at 5,000 cycles and 3,000 micro-inch/inch
strain. Figure 32 shows more developed lines of tangles connected to a
grain boundary. Here the long dislocations tend to loop out of the <10I>
direction into their slip plane. A still further developed condition is
shown in Figure 33. The lines of dislocation tangles are more pronounced

and dense dislocation tangles are beginning to appear. At this stage of
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Figure 31. Beginning Formation of Figure 32. More Developed Line

a Line of Dislocation Tangles Dur=- of Dislocation Tangles. The
ing Fatigue. The normal to the foil normal is the <110>. 30,000X
foil is the <110>. 60,000X

Figure 33. Formation of Dense Figure 34, Formation of a Cellu-
Tangles of Dislocations and lar Structure of Dislocation
Dislocation Loops. 50,000X Tangles. 30,000X
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development heavier dislocation tangles are found in definite projected
directions. These heavy tangles eventually become the cellular structure
of dislocation tangles which were found to be predominant in high strain
fatigue at higher numbers of cycles. Figure 34 shows the formation of a
cell by these heavy tangles. The projected directions of the cell walls
were deduced from the diffraction pattern of the micrograph and are
indicated on the figure by an arrow. The cell structure that results
from further cycling is shown in Figure 35. At a magnification of
200,000 X, dislocation loops and dislocation tangles are clearly resolved.
The cell structure consists of dense walls of dislocation tangles and
loops enclosing regions almost completely devoid of resolvable imperfec-
tions. Figure 36 is a high magnification micrograph of the failure con-
dition at medium strain for comparison.

The results obtained at 3,000 micro-inch/inch strain prompted
further work at higher strain. Accordingly,a series of fatigue tests at
a strain of 5650 micro-inch/inch was undertaken in hopes that the initia-
tion and formation of the cellular structure might be defined to lie with-
ing a given number of cycles. The fatigue tests were run at 11,000
(fracture), 1000, 200, 50 and 10 cycles. Typical areas for these condi-
tions are shown in Figures 37 through 42. The first appearance of well
developed cellular tangle structure was observed in the specimens fatigued
at 200 cycles. Therefore, these cells have apparently formed between 50
and 200 cycles of reversed strain. A high density of dislocations was
observed in the specimens fatigued at 10 cycles as shown in Figures 37
and 38. At this number of cycles the dislocations form a distinct array

within the acting slip planes. An increase in the number of cycles to 50
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Figure 35. Cellular Structure of Dislocation Tangles Formed at
High Strain. Numerous dislocation loops and individual
tangles can be seen. 200,000X
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Figure 36. Stacking Faults Resulting from Fatigue at Medium
Strain snd 106 Cycles. 180,000X
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produced a tendency for knotting of dislocations and for the formation of
linear arrangements of heavy knots and tangles of dislocations as shown in
Figure 40. These tangles were regularly spaced and were present primarily
in one direction with lines of dislocations and less dense dislocation
tangles connecting them at less regular intervals.

Figure 41 and 42 show regions of damage obtained at 200 cycles
of reversed strain. At this condition of fatigue a definite cellular
structure was apparent in many of the grains. This cellular structure
is regular in its arrangement and consists of walls of heavy tangles
surrounding regions of low dislocation density. The arrangement of the
dislocations in the internal portion of the cells at this cycle level
consisted of loops and long lines of dislocations. In many cases the dis-
location lines extendedcompletely across the cell. The direction of this
pattern was consistent throughout each grain. Further cycling at this
strain level resulted in a coalesence of dislocations at the cell walls
and a sweeping clean of most remaining long dislocations from within the
cell as can be seen near A in Figure U45.

Another type of dislocation distribution was found to result
from fatigue at high strains. In some instances it appeared that some
of the cell walls tend to sweep clean and that the dislocations that formed
these walls migrated to the other walls leaving an elongated cell structure.
In some instances the total grains appeared as uniform lamellae of dense
tangles and dislocation free areas. Their appearance was very similar to
coarse pearlite when viewed through a light microscope. This pattern can

be seen in some of the grains in Figure 43 and in Figure Lk.
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Figure 37. Typical Region Formed Figure 38. Micrograph of an Area

by 10 Cycles of Reversed Strain Showing Interactions and Dislo=-

at 5650 Micro—Inch/Inch Strain. cation Tangles Formed by 10 Cycles

25,000X at 5650 Micro-Inch/Inch Strain.
30,000X

!

amn . e
Figure 39. Condition of Damage Figure 40. Tangles Formed by
at 50 Cycles of 5650 Micro- 50 Cycles at 5650 Micro-Inch/
Inch/Inch Reversed Strain. Inch Strain. 18,000X

18,000X

Bl

Figure 41. Regions of Disloca- Figure 42. Cell Structure of

tions and Tangles on Preferred Dense Dislocation Tangles Re=-
Slip Planes at High Strain. sulting from 200 Cycles at
12,000%X 5650 Micro-Inch/Inch Strain.

21,000X
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Extremely dense rows and cells of dislocation tangles were
predominant in the specimen that was cycled for 11,000 cycles at 5650
micro-inch/inch strain. Fatigue at this level resulted in innumerable
cracks not only at the surface but throughout the specimen. These cracks
were both intercrystalline and transcrystalline. The size of these cracks
was such that they were resolvable by the naked eye. During electropolish-
ing of these specimens, polishing occurred preferentially in the region of
the cracks and the metal was dissolved away from the cracks. Therefore the
observations were probably made near but not at the regions of maximum
damage.

An example of a typical area at low magnification is shown in
Figure 43. This micrograph is taken from a thinned area several times
larger than that represented by the micrograph. Most of the various
types of arrangements of dense dislocation tangles which were observed
in the foils are represented in this micrograph.

Another phenomenon which was observed in the specimens which failed
at 3000 and 5650 micro-inch/inch strain was the formation of a definite
structure of subgrains. Variation in contrast from subgrain to subgrain
indicated that a definite boundary was present. Tilting of the specimen
was also employed to verify that these were actually subgrains. Figures
L5 and 46 show the subgrains. In Figure 45 it is apparent that these
subgrains evolve from the heavy tangles. The region where the dense
tangles are still present is shown at A. The region around B contains

both cells of tangles and subgrains. The region of subgrains is shown

at C.
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Figure 43. Typical Distribution Figure Ll. Rows of Dense Tangles
of Tangles and Damage Present Resulting from High Strain Re-
in the Specimens Failed at 3000 versed Cycling. 30,000X

and 5650 Micro-Inch/Inch Strain.
2,500%

Figure 45. Miéfograph Showing Figure 46. Subgrains Found in

Cellular Structure of Tangles the Failure Specimens Fatigued
and Subgrains. The cellular at High Strain. 10,000X

tangles are at A and the sub-
grains are at C. 22,000X
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Grosskreutz and Waldow(26) have found subgrain formation to always
occur ahead of the propagating crack in fatigued aluminum. They have con-
cluded that subgrains will always exist at the tip of a fatigue crack in
a high stacking fault energy material. It is also possible that subgrains
are always present at the tip of the propagating crack in fatigued stainless
steel. However, this conclusion cannot be made from the results of this

study.

5. Studies Made of Foils Obtained from the Surface of the Fatigue Specimens

In order to study the dislocation distributions at the surface
and compare them to the distributions below the surface, some of the speci-
mens* were electropolished from one side only after fatigue cycling. The
method used for electropolishing was exactly as outlined earlier except
that one side was coated with "Microstop" lacquer during both the electro-
polishing steps.

The results obtained were inconclusive. Although the general

patterﬁs of dislocations were the same as below the surface, there appeared
to be a definite loss or break up of the dislocation tangles at the surface.
An illustration of this is given by the low magnification micrograph of
Figure 48. 1In this micrograph (taken as representative of an area at least
10 times as large as that shown) light traces of the cell structure of dis-
location tangles can be seen within the grains. The density of the disloca-
tion in the cell walls appears to be much less than that found below the
surface. In order to determine the orientation for optimum contrast the
foil was tilted throughj;20° and rotated prior to taking this micrograph.

The foil was obtained from a fatigue specimen that was cycled for 200 cycles

x
See Table I
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Figure 47. Transmission Micrograph Taken from Near
the Surface of a Specimen Fatigued for 200 Cycles
at 5650 Micro-Inch/Inch Strain. 40,000X

Figure 48. Low Magnification
Transmission Electron Micro-
graph of a Foil Taken from the
Surface of a Specimen Fatigued
for 200 Cycles at 5650 Micro-
Inch/Inch Strain. 3,000X

Figure 49. Transmission Electron
Micrograph of a Foil Taken from
the Surface of a Specimen Fatigued
1000 Cycles at 5650 Micro-Inch/
Inch Strain. 30,000X
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at the 5650 micro-inch/inch strain level. A comparison between the dis-
location distribution at the surface and the dislocation distribution
0.001 inch below the surface can be made by comparing the density of dis-
location tangles in Figure 42 with this micrograph. In the foils obtained
from the surface of the fatigue specimens many grains were totally void

of dislocations.

Figure 47 is another transmission micrograph taken at the surface
of a specimen that has been cycled for 200 cycles at a strain of 5650 micro-
inch/inch. Figure 47 shows rows of dislocation tangles and a tendency for
the tangles to be less dense near the surface than below the surface. In
some regions they appear to have been lost completely. Comparison of this
micrograph with Figuresli2 and U4 suggests that there has been a considerable
amount of loss of dislocations near the surface.

Figure 49 shows a cellular tangle produced at 1000 cycles and at
a strain level of 5650 micro-inch/inch. Here too, is found evidence of a
break down of the tangles, or possibly an incomplete build up of a cell
at the surface. For this condition of fatigue the cellular structure is
usually very complete at 0.001 inch below the surface. A typical region
at 0.001 inch below the surface corresponds to the subcells in Figure 35.

A condition of this nature can be expected to occur since the surface of

the fatigue specimen should be much the same as a thin foil and allow vacan-
cies to diffuse out of the surface by pipe diffusion. However, a difficulty
arises in that not all grains of a foil thinned in this manner show such

a definite dislocation loss. The reason for this difference can in part be
attributed to the thin foil preparation technique. It is very probable that

for some areas the masking material used did not adhere sufficiently to the
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surface. Therefore, when a hole dissolved through the thin foil electro-
polishing could have taken place on both sides of the foil, and thus polished
the surface of the specimen in some areas.

The possibility that dislccation rearrangement after fatigue
loading was greater in these foils than ths foils taken 0,001 inch below
the surface is not likely to =xist since the handling was essentially the
same and particular care was taken to assure that the micrographs and

observations were obtained from thicker regions of the foils.



DISCUSSION OF OBSERVATIONS

1. Relation of Fatigue Damage to Tensile Damage

Comparison of the defect distribution resulting from
fatigue to that resulting from pure tension is of considerable
interest since pure tension is basically 1/4 cycle fatigue.

The types of damage which result under unidirectional
tensile strains may lead to a better understanding of the process
of fatigue. From the results that have been obtained it appears
that for 304 stainless steel three strain conditions of fatigue
should be used for comparison of damage from fatigue to that resulting
from unidirectional tension. These three strain conditions are
1) low strain which gives fatigue lives greater than lO7 cycles,

2) moderate strains slightly above the proportional limit which
cofrespond to lives of the order of 106 cycles, and 3) high strains
which correspond to fatigue lives of 105 cycles or less. Hereafter,
in this discussion, these conditions of strain will be referred to as
Class I, Class II, and Class III fatigue respectively.

The results obtained for the Class I fatigue condition are
incomplete in that the failure condition was not attained at the strain
of 1050 micro-inch/inch. However, comparisons of damage can be made
for the number of cycles that were obtained. The strain of 1050
microinch/inch is substantially below the yield strain of the material.
At this strain the dislocation arrangement for pure tension should be
much the same as that of the annealed unstressed material. Cycling at

5.5 x 106 cycles resulted in a damage condition similar to that obtained

-52-



at less than one per cent strain in unidirectional tension. The
similarity of these conditions of pure tension and Class I fatigue

can be seen by comparing the dislocation arrangements shown in Figure
38 and 13. At this level of tensile strain, interactions by disloca-
tions from different slip planes are apparent and network formation
begins. The tendency for band formation was not observed in the foils
of the fatigue specimens. This result is rather interesting in light
of the results obtained for Class II fatigue.

In Class II fatigue, the damage condition 1s characterized
by the formation of bands of dislocation pile-ups and stacking faults.
These bands appeared at a low number of cycles and increased in density
and width, with further cycling. Dislocation tangles were observed
to be more predominant in the specimens cycled at 550,000 and 106
than at 100,000 cycles. Pure tension at this level of strain resulted
in the formation of dislocation pile-ups at the grain boundaries, and
little or no interaction between dislocations or dislocation pile-ups
that were present on different slip systems. It appears then, from a
comparison of tensile damage just above the proportional limit to the
damage produced by fatigue loading at various numbers of cycles for
the same strain level, that the mode of damage was basically established
in the first 1/4 cycle by the manner in which the dislocations pile=-up
at that time. It might be expected that the movement of tne disloca-
tions that were present during plastic deformation in the first l/&
cycle of strain would establish paths of dislocation trails in the
operating slip.systems, These couvld then provide a source of disloca-

tions during further cycling.
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The dislocations distributions found in pure tension at
strains corresponding to the strain levels of Class III fatigue
consisted of pile-ups of dislocations lying in several different
slip systems, and interactions of individual dislocations from various
slip systems. Results of fatigue loading at this strain level differed
considerably from that of Class II in that a cellular structure of
dislocation tangles was formed. The formation of this cellular
structure is probably related to the activation of slip on more
than one slip system. The slip systems that are activated in the
first 1/4 cycle of fatigue could basically serve as sites for the
formation of the cell walls.

It is entirely reasonable that the first 1/4 cycle establishes
the long range type of damage in a metal that is subjected to fatigue
deformation. This appears to be the only similarity between the dis-
location arrangements found in Class II or Class III fatigue and pure
tension.

The dissimilar arrangement of dislocations in pure tension

(48,49)

and fatigue has been reported by others for various metals and
by Hirsch, Segall and Partridge(ﬁj) for initially thin (0.005 - 0.012
inch) 18/8 stainless steel. In view of the results obtained in this
investigation and those previously reported it appears that there is
no relationship between the variation in dislocation distributions

resulting from cummulative strain in fatigue to the dislocation distri-

butions produced by unidirectional tension at high strain.
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2. Comparison of Damage Produced at Various Strains and Cycles

The type of dislocation arrangements that result in 304 stain-
less steel during fatigue 1s dependent upon the level of strain and the
number of cycles of strain. A comparison of damage at different strain
levels can be made from the micrographs of Figures 30 and 43. The medium
strain level of 1600 microminch/inch resulted in a band  structure which
increased in width and density of imperfections with increasing cycles up
to failure. The fatigue strains of 3000 and 5600 micro-inéh/inch resulted
in a cell structure very closely related to that reported for pure

(2k,25,26,48) Results obtained at strain levels of 1050 micro-

metals.
inches/inch are not used for comparison here since the failure condition
was not attained at this strain level.

Conclusions about the actual mechanism of failure initiation
cannot be deduced from the results of this investigation. However, in
as much as the types of dislocation arrangements differ considerably,
the results may possibly be used to predict a variation in the method
of fracture propagation at the two levels. In Class III fatigue the
condition was one of a bulk weakening of the material., The failure
appeared as almost a total collapse of the specimen in the region of
the failure crack, with cracks initiating from a seemingly infinite
number of points. The number of cycles that elapsed from the time of
the first visual evidence of the failure crack until total failure was
less than 10 at 5650 micro—inch/inch and less than 50 at 3000 micro-
inch/inch. The fracture was observed to be transgranular as well as

intergranular. It can reasonably be expected that the transgranular

failure follows the tangle walls.



The condition in Class II strain could possibly result in trans-
crystalline failure propagation along the bends. The crack propagation
would require an intercrystalline portion to allow for the variation in
orientations of the grains.

In Class III fatigue, the dislocation arrangements which
eventually formed at a given strain were well developed at a low per-
centage of the specimen life. At the 5650 micro-inch/inch strain level
the cellular structure was present at less than one per cent of the
fatigue life while at 3000 micro-inch/inch strain the cellular structure
was present at approximately six per cent of the fatigue life. The size
of this cellular structure did not appear to vary greatly with strain
amplitude or number of cycles. The walls of the cells, however, became
more "packed" as the number of cycles of strain was increased.

A comparison of the foils from the fatigue specimens which
failed at high strains showed the structure for 3000 micro-inch/inch
strain at failure to be essentially the same as the structure at 5650
micro-inch/inch strain at failure. Therefore, it was concluded that
the structure is independent of the number of cycles in Class III fatigue.

The formation of heavy dislocation tangles lying in parallel
rows as shown in Figure 40 might at first seem to be a totally different
arrangement than that of the cellular structure. If this were the case
it could be hypothesized that these lines are the images of dense tangles
surrounding persistant slip bands in the fatigued metal. However, another
possible explanation for this pattern can be found by considering the fact
that the electron microscope in it$ present state of development cannot

o)
penetrate through metals which are much thicker than 3000-4000 A. Since



_57_

the cell size is on the average 0.6 - 1.0 micron or 6000 -
10,000 2, a section 2000 X thick through a cell wall could

result in this type of image if the cells were lenticular instead

of equi-axed. Since this same dislocation distribution was observed
even at low cycle levels, (i.e. N = 200 for a strain of 5650 micro-
inch/inch), the possibility that it results only from a migration

of walls of tangles into the adjacent walls giving the heavy rows

of dislocation tangles is not the answer,

3. Dislocation Uncertainty, Dislocation Tangles, and Mushrooming

Probably the most important recent advance in the theory

of dislocations has been the dislocation uncertainty principle. It
has been shown that for a dislocation an uncertainty of location
exists which is normal to the dislocation axis,and is also in the

. : . (69,71) _ . :
slip plane of the dislocation. This uncertainty results from
the thermal vibrations of the atoms. In order words, dislocations
can only be defined within regions instead of as lines. The magnitude

(69)

of the uncertainty has only been defined within the slip plane of
the dislocations. However, an uncertainty must exist normal to the
glide plane. Whereas an area of uncertainty must be present for all
dislocations, the area of uncertainty will vary with the type of
dislocation.

As a consequence of the uncertainty principle, the slip
plane of the dislocation must possess an area of uncertainty. Moving

dislocations can be expected, statistically, to transfer shorter or

longer segments, together with their own uncertainty, to the adjoining
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(75)

slip planes. In this manner jogs and point defects can be formed
by a moving dislocation. This concept, therefore provides an accept-
able reason for the spontaneous accumulation of jogs by moving dis-
locations,even at low temperatures and in nearly perfect crystals.
Early theories of strain hardening are based primarily on
the concepts of dislocation pile~ups. Electron transmission examina-
tions of thin foils strained while in the electron microscope as well

(%)

as other techniques appeared to verify the early theories. Later,
however, examinations on specimens thinned from the bulk conditions
showed a structure of an entirely different nature. Observations
showed a distribution of "clusters" or "birdnests" of tangled disloca-

(36)

tions. The reason for the difference is that the observations

made on deformed thin foils were only characteristic of the dislocation
distributions in thin foils, and not at all representative of the bulk
condition of the material. This difference is probably the result of
pipe diffusion by vacancies along a dislocation and out through the
surface of the thin foil, or from the actual passing of a dislocation
through the surface during straining of the foil,

In the bulk condition a sequence called "mushrooming"(Yl)
can be expected to occur. Mushrooming is a multiplication of the
number of imperfections caused by interactions among themselves when
a crystal is subjected to deformations. All metals possess a number
of point defects such as vacancies, vacancy aggregates, and inter-
stitials(u7) which can hold up a dislocation if the dislocation core

meets the aggregate. These point defects may resull Irom equilibrivm

conditions, quenching, or moving Jjogs.
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A number of events which result in mushrooming can be
summarized quite readily.

(1) A vacancy disc can form when a moving dislocation
intersects a sufficient number of vacancy aggregates. The vacancy
aggregates will add to the present vacancy atmosphere in the dis-
location core and the stress field of the dislocation will aid the
collapse of the vacancy aggregate to form a disc. These discs will
appear as prismatic dislocation loops in s micrograph.

(2) The prismatic dislocation loops can either be formed

to partly fuse with the original dislocation or be formed separate
from them, If the loop is fused to the moving dislocation it will
form a kink,and either pin the dislocation or move along with it.
It is also possible that the fused loop can break completely free
of the original dislocation and be left behind., If, however, the
vacancy disc is formed separately from the dislocation core, the
disc will remain behind in the form of a prismatic loop.

(3) Another method of prismatic locp formation which falls
within the concept of mushrooming is the formation of loops by a
moving dislocation when it meets a point defect.(l7) The screw dis-
locations can form dislocation loops through the combined mechanisms
of climb and glide.

The combination of these events causes birdsnests or tangles

of dislocations to result.

4. Formation of Cellular Structure During Fatigue

The formation of the cellular structure of dislocation tangles

during the fatigue process is an extremely interesting phenomenon.
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Previously its occurrence in fatigued metals has been associated only
with the metals which possess high stacking fault energies such as
aluminum.(76’u9’u8) The presence of the cellular tangles in low
stacking fault energy stainless steel fatigued at high strain may
throw some light on the method of their formation during fatigue.

In order to better understand the particular conditions
required for the formation of dislocation tangles in stainless steel,
the known methods of jog formation which are necessary for point defect
formation will be mentioned. In addition to jog and point defect forma-
tion through dislocation uncertainty, there are three other methods by
which jogs can form. These three are climb, cross slip, and disloca-
tion intersection. The movement of a jog formed in any of these manners
will cause point defects in the form of vacancies or interstitials to
result in the wake of the jog.(a7)

The low stacking fault energy of stainless steel, however,
can be expected to restrict the formation of jogs primarily to dis-
location intersection and dislocation uncertainty mechanisms. The
behavior of stainless steel, because of its low stacking fault energy,
is such that cross slip and dislocation climb are not expected to occur

(67)

on a large scale. In fact, only one observation of the occurrance

(13)

of cross slip in stainless steel has been reported. Another char-
acteristic feature of low stacking fault energy materials is a relatively
low density of dislocation loops and point defects in the annealed con-

dition.
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The manner in which the cellular structure of dislocation
tangles forms in this material is apparently through the prorvess of
mushrooming of dislocations once the initial point defects are formed.
These point defects can be expected to form primarily through either
dislocation interactions or dislocation uncertainty. The formation
of jogs and point defects through climb and cross slip cannot be ruled
out entirely since the strain level and temperature at which the
cellular tangles were observed are relatively high. The importance
of climb and cross slip to cellular tangle formation, however, could
be determined through electron transmission examinations of specimens
fatigued at low enough temperatures and cycle rates to assure that
these mechanisms are not operating.

If dislocation intersection were the main cause of point
defect formation, there should be a tendency for the dislocation
tangles to occur more heavily at the intersections of the activated
slip systems. This, however, does not seem to occur. The dense
tangles which eventually form the subcell, as observed in Figure
33, appear almost independently in the activated slip planes. It
also appears that these dense tangles are relatively independent of
the dislocations that are not within the tangle. This too can be
seen in Figure 33. Here the dislocation density in regions near the
dense tangles does not vary greatly from the dislocation density near
the regions of light tangles. This would seem to indicate that move-
ment of jogs formed through dislocation intersection is not the basic
method by which the point defects required for cellular tanglesresult.
However, its significance would increase with an increase in the

fatigue strain.
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It seems therefore, that point defect formation through
dislocation uncertainty plays a very important role in the formation
of the cellular structure of dislocation tangles, and that its
importance should increase with decreasing fatigue strains during
Class III fatigue.

From the results it appears as if the mushrooming effects
act mainly in the regions of the highly activated slip planes and
that tangle formation and growth occur primarily in these regions.

In other words the cellular walls are initially formed by a concen-
tration of point defects through the movement of jogs. These regions

of initial point defect concentration will mushroom and form the cell
wall. The interior of the cells will always be a region of relatively
low point defect density and random dislocation tangles may result there
from interaction of the few dislocations that exist there with the point
defects. Under such conditions, cellular structure can form with very
small movements of dislocations. This would seem to be a necessary
requirement of a model to explain cellular tangle formation during
fatigue.

The ability of high stacking fault energy materials to cross
slip readily at very low strains allows the formation of cellular
tangles at strains corresponding to fatigue lives much longer than
the lives at which cellular structure forms in stainless steel. 1In
fatigue at medium strain in staeinless steel only a few slip systems
are activated and dislocations are confined to these slip systems

because of the materials low stacking fault energy. These slip systems
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are in the same orientation in each grain and cycling results in a
banded structure which parallels these slip systems. Dislocation
tangles, however, can result in these planes and mushrooming can still
occur.

In view of the results obtained during this study, it is
fairly safe to conclude that mushrooming plays a very important role
in the formation of the dislocation arrangements which result in 304

stainless steel during Class II and Class IIT fatigues.



CONCLUSIONS

Cellular structures of dislocation tangles form in 304 stain-
less steel under the conditions of reversed bending fatigue
at constant strain and fatigue lives less than 100,000 cycles.
Generation of dislocation loops is characteristic in fatigue

at lives less than 106

cycles.

The average distribution of dislocation tangles is reduced

near the surface of a specimen fatigued by reversed bending.

The dislocation distributions resulting from high unidirectional
tensile strains are not similar to those which result in 304
stainless steel from fatigue loading for fatigue lives less than
106 cycles.

At high strains, the cellular structure of dislocation tangles
formed during the early cycles of fatigue can transform into
subgrains with further cycling.

At high strains the dislocation distributions at fracture are
essentially the same independent of the fatigue life for 30k
stainless steel.

The characteristic dislocation patterns that are formed early

in the life of a fatigue specimen are developed more completely
as the result of further fatigue cycling.

The dislocation distributions present in a failed specimen of
304 stainless steel that has been fatigued by reversed bending

at medium or high constant strain are probably determined with-

in the first few cycles.

-6~



SUGGESTED FUTURE WORK

The results obtained show that the initial cycles of fatigue
greatly influence the dislocation distributions that result from fatigue.
The degree to which the first few cycles influence the distrbutions of
dislocations would be determinable by transmission studies of fatigued
metal subjected to high strain for a certain number of cycles and then
failed at lower strains.

Studies of the dislocation distributions that result during
the phenomenon of coaxing in fatigue is another area toward which
research should be directed, This may basically point out the dis-
location distributions required for longer fatigue lives in materials.
A distribution of dislocations which is relatively stable to fatigue
deformation is present in coaxing. The determination of the type of
distribution of dislocations which causes thig effect would be a
valuable step in understanding the basic mechanisms involved in fatigue.
Since aluminum is a metal in which the phenomenon of coaxing occurs and
since more is known about the dislocation distributions that are formed
in this metal as a result of fatigue than in other metals, it would seem
to be the most logical material to use for such a study. Loop patches
predominate in this metal after fatigue at low strains, and subgrains
result after fatigue at higher strains. It might be expected that the
loop patches which result from the cycling at low strain during under-
stressing would influence the volume and the shape of the subgrains

that result from further cycling at the higher strain. The same type

=65~
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of studies applied to overstressing might also help to understand
the basic mechanisms involved in the fatigue process.

In addition to the above areas, work of the same nature
as the work in this thesis should be continued. For example more
data should be obtained, especially for fatigue at intermediate

strains between Class II and Class III fatigue.



APPENDIX A

IMAGE FORMATION AND CONTRAST EFFECTS IN METALS

The formation of the image as observed in the electron microscope
represents the electron intensity distributions at the bottom surface of
the metallic foil. Since the intensity distributions and therefore the
contrast in the transmission image is sensitive to atomic positions in the
metal, displacements of the atoms in the regions of dislocations, stacking
faults, and grain boundaries may be observed in the image.

Interpretation of the diffraction contrast that results when
electrons are transmitted through a metallic foil is based on the dyna-
mical theory and the kinematical theory of electron diffraction. The dyna-
mical theory of diffraction considers the interactions which take place
between the incident and diffracted electron beams and the atoms of the
crystal lattice. The kinematical theory, on the other hand, gives an
approximate theory of diffraction contrast of crystals which does not con-
sider interactions of the diffracted beam with either the incident beam or
the atoms of the crystal lattice. The kinematical solution becomes asymp-
totic to the dynamical solution of the theory of diffraction for (1) large
enough deviations from the Bragg angle or for (2) very thin crystals. The
dynamical theory has not yet been developed for crystals containing dis-
locations but it does present a solution for interpretation of contrast
at stacking faults and thickness fringes in crystals. The kinematical
theory, however, has been ex*tended to provide a qualitative explanation of

the contrast effects of imperfections observed in metal foils in the electron
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microscope. For this reason a brief review of its fundamental aspects is
presented here. More rigorous and more detailed explanations and deriva-

(4),(32),(38),(55),(66)

tions of this theory are found in the literature.

1. The Reflecting Sphere

The conditions corresponding to reflection can be represented by
a geometrical construction in the reciprocal lattice as shown in Figure 50.
For this particular construction the incident beam and reflected beams are
designated by E6 and Ei respectively, and the reciprocal lattice vector
from the origin 0% of the reciprocal lattice to the reciprocal lattice
point r¥ is g . When a sphere of radius l/k , where X\ 1is the wave-
length of the incident beam, touches the origin of the reciprocal lattice
and intersects a reciprocal lattice point, the plane represented by this
lattice point will be a reflecting plane provided the structure factor of

this plane is not equal to zero. From Figure 50 it can be seen that
k.l-ko=g.

In order that reinforcement of a reflected wave can result, it is necessary
that the path difference of waves reflected by the same planes be an
integral number times 2n . In the case shown in Figure 50 the path differ-
ence of two waves corresponds to the Bragg reflection and is given in

vector form by

(ky - k)) ' r

where 1r -is a vector in the direct lattice.
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Figure 50. Sketch of the Reflecting Sphere for the
Exact Bragg Condition of Reflection.
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2, Phase Amplitude Diagrams

The uniform spacing of the atom positions in metals causes diffrac-
tion conditions which are similar to the diffraction phenomenon experienced
by a diffraction grating. Consequently, the same methods can be employed
for interpreting the contrast effects of electrons in metals as are used
for interpretation of the illumination phenomenon in light rays. One
qualitative method uses "vibration polygons" or "phase amplitude diagrams"
to interpret contrast effects. Bendler,(u) following the work of Hirsch,
Howie, and Whelan(32) has used this method to illustrate the electron trans-
mission contrast effects in imperfect crystals. As the simplest example
of the use of this type of diagram, the condition corresponding to reflec-
tion at the exact Bragg angle (Figure 50) is used. For this conditionm,
assume as shown in Figure 52a that a wave of intensity IO is incident
parallel to the periodic row of reflecting units AD. The scattering that
results depends upon the path difference of the wavelengths scattered by
the successive atoms. In this example the waves are exactly in phase and
vectors representing the diffracted waves are in line. The resultant
amplitude is represented by AD in Figure 52a.

For the same condition of reflection the vector expression for
the amplitude of the electron wave diffracted from one unit cell at the

exact Bragg angle is given by
A = F, exp(enig - T)

where F,; 1s the scattering factor for one unit cell. This reduces to

A = Fl
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because of the requirement that g - ¥ must be an integer in a metal
crystal. For a column of unit cells the amplitude is the summation over

all the unit cells.

3. Deviation from the Exact Bragg Condition

The kinematic theory predicts the intensity of illumination for
slight deviations from the Bragg angle. The sketch of Figure 51 shows
this deviation with respect to the reflecting sphere. Vector addition

gives the relation for small deviations as

k) -k, = g+58

where s 1is a vector representing the deviation of the reciprocal lattice
point from the reflecting sphere. The effect of this deviation is to
cause a phase difference between the reflected waves from each successive
reflecting unit cell. This particular condition can be shown by a
vibration polygon. For successive reflecting unit cells, the total
amplitude that results is a vector summation of the reflected waves from
each unit cell. Figure 52b illustrates this summation for successive
unit cells. Vectors OK , OB , OC and OD are termed closing vectors,
and represent the total amplitude reflected by 1, 2, 3, and 4 unit cells
respectively. The total phase difference between the waves is represented
by the angle between the closing vector and the vector representing the
first reflection.

If there is a sufficient number of reflecting units the vibra-
tion polygon will form a complete circle which will continue to repeat

itself indefinitely. For each circle there will be a maximum amplitude
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Figure 52. Sketch of Vector Polygons for the Two Reflecting
Conditions of Figure 50 and Figure 51.
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and a minimum amplitude which correspond to M, and M, on Figure 52b .,

These amplitudes exhibit a total phase difference Yo =(n+ 1/2) it
max
and Lo . =nn , where n is an integer. Therefore the maximum amplitude
min
must occur when o = (n + 1/2)n and the minimum must occur when « = nx.

Since the angle «o represents a constant phase difference, the resultant
amplitude is given by

sin o
2

. O
sin =
2

(A-1)

The intensity is given by the square of the amplitude or

.2 0%
sin >

I = a2 —= (A-2)
sin2 e
2
For this condition of reflection the mathematical vector expression for

the amplitude of a column in a perfect crystal is

A = F gexp(2ﬂ1(§+§) ) (A-3)
which reduces to

A = F g exp(2nis * Tp) (A-4)

because g-Tp is always an integer. Integration over the column length

which corresponds to the thickness, t , of the foil gives

A K sin nts (A-5)
s

which is essentially the same expression as (A-1). The intensity, I , is

proportional to the square of the amplitude. Therefore

. 2
I sin"~nts A-6
o NESEE (A-6)



-75_

Equation (A-6) shows that the intensity is a periodic function
of the thickness. It can also be seen from this equation that the illumina-
tion is periodic with respect to variation from the Bragg angle. The
periodic dependence of the intensity on the film thickness, t , and the
magnitude, s , of the vector s in Figure 51 has significance in inter-
pretation of transmission micrographs. As a film thickness varies, dark
and light line images result in the micrograph because of this dependence
on thickness. These images are termed thickness extinction contours.
However, if s varies while t remasins constant, extinction contours will

also be present. This latter condition corresponds to buckling of the foil.

L. Contrast Resulting from Crystal Imperfections

The reflecting sphere can be used to illustrate that the amplitude
of the reflected waves from the unit cells near a simple edge dislocation is
different than in the perfect crystal. Figure 53 shows the reflecting
sphere for a column of unit cells near an edge dislocation. The subscripts
(a) refer to the reflections of the unit cells in the portion of the column
A which is not distorted, while the subscripts (b) refer to the reflections
from unit cells in the distorted portion of the column near B which, in
this illustration, satisfy the exact Bragg condition for reflection. In
other words there are unit cells in the distorted column which are displaced
such that their reflections compensate for the deviation from the Bragg
condition of reflection which results in the undistorted column. Since the
total amplitude depends on the reflections from all the unit cells in the
column the image that results from a dislocation is a consequence of phase

changes caused by the displacements of the unit cells in the region of the
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Figure 53. Sketch Showing the Origin of Contrast
on One Side of an Edge Dislocation.
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imperfections. This is illustrated by the vibration polygon of Figure 5k,
The base circle A corresponds to the reflecting unit cells in the portion
of the column which is not affected by the imperfection. As the region of
the imperfection is approached, the orientation of the unit cells will cause
the vectors representing their reflection to depart from the circular path
as a function of A Q. When the region of distortion is passed, the vector
polygon will again return to its circular periodic nature as represented by
circle B . The phase angle shift in the vector polygon is a function of
the displacement of the column in the region of the imperfection. The total
amplitude for the column is given by the vector 0R .

An imperfection changes the vector expression for the amplitude
of a column near the imperfection. If the displacement of the unit cells
from their original reflecting condition is R , the path difference of the

successive reflections from the column is given by

(k1 - ko) * (7p +R)

The expression for the total amplitude of the column becomes

=
I

F Lexp(eni(g +5) + (T, + R)) (A-7)

which reduces to

=
1

F L exp(2rig+R) exp(2nis - r,) (A-8)

when s°+*R is neglected (since these terms are very small compared to the
other terms). Comparison of this equation with the equation for the per-

fect crystal (Equation (A-4)) shows that the only variation is (2nig.R)
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Figure 54. Sketch of a Vector Polygon Corresponding to
the Amplitude of Reflection from a Column
in a Region of Imperfection in a Crystal.
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in the exponent. This is a phase angle variation « , which is a function

of the location of the reflecting unit in a column.

Hirsch, Howie and Whelan

(32) were the first to apply the kinemati-

cal theory to imperfections in crystals and their results are summarized

below:

(1)

(3)

(7)

The contrast from a mixed dislocation is similar to that
from a screw dislocation.

The image of an edge dislocation may be slightly wider than
for a screw dislocation and dislocations should become
narrower and less visible the more steeply inclined they
are to the plane of the foil.

The contrast peak is displaced to one side of the disloca-
tion center by the order of magnitude of the dislocation
width.

When the burger's vector of a dislocation lies in the
reflecting plane, the dislocation is invisible; i.e., when
g+b =0, there is no diffraction contrast.

The visibility of dislocations that are inclined to the foil
surface may vary along its length giving a dotted pattern.
For low order reflections the widths of the dislocations
should be on the order of 100 to 200 X.

Dislocations should appear dark in bright field and light

in dark field microscopy.



APPENDIX B

INDEXING OF DIFFRACTION PATTERNS
AND REIATION OF DIFFRACTION PATTERN TO MICROGRAPHS

In order to determine crystal orientations and directions in
electron micrographs, use of electron diffraction patterns is necessary.
The indexing of these patterns is systematic and their correspondence
to the micrographs can be simplified by use of vector geometry. Accord-
ingly, the fundamentals of the indexing procedure and necessary vector
manipulations are outlined below.

1. 1In face-centered cubic crystals there are only a few
types of permissible reflections which are either all h, k, 1 even
or all h, k, 1 odd.

2. Since the possible h, k, 1 reflections in face-centered
cubic crystals are known and the distance between planes of this

family is given by a2/(n2 + ¥2 + 12)1/2

, the magnitude of the recipro-
cal space vector which represents each reflection must correspond to
this planar distance.

3. The vector magnitudes are obtained from the relative
location of the diffraction spots on the film and the ratios of these
magnitudes must correspond to the ratios of the interplanar distances
of certain possible reflections. This correspondence is found by trial
and error using a minimum of three diffraction spots.

L. When the correct ratios are found, the diffraction spots

are designated on the film and the pattern is indexed completely by

-80 -
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making use of the fact that the spots must be consistent and in a
straight line in reciprocal space.

5. The foil normal is obtained by use of the cross product
of any two of the determined directions.

6. The vector representing the line of intersection of
any slip plane with the foil surface is obtained from the cross
product of the directions representing their normals.

T. The angle that is formed between any two planes in
the plane of the foil can be obtained from the dot product of the
vectors representing the intersections of the planes and the foil
surface.

8. The angle between any two planes can be determined

from the dot product of their normals.
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