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SUMIARY

1. A resumé is given of pertinent information regarding the behaviour

of metals under repeated stress, special emphasis being placed on under-
stressing, overstressing and strengthening.

2 The evidence of changes taking place in a metal under repeated stress
is examined, and the effects observed, together with the information obtained
above, are correlated with the dislocation theory of slip.

3. The data available regarding the visual observation of cracks is studied
and correlated with the percent of damage during overstressing. Because there
is insufficient data, the correlation is inconclusive. Suggestions are made
as to the type and amount of data required, and to how it may be obtained.
dia Considering the above information, two experimental procedures are
vroposed which will add greatly to the practical knowledge of the effects

of slip under repeated stress, a study of these eflects leading to a much
clearer conception of tne mechenisms of slip and failure.

5. A study is made of the properties desired in the test material. Armco
iron is chosen because, in addition to having all the reguisite propverties,
it has the simplest structure.

6. A study was made of existing ratigue-test machines and none were found
to nave thne desired facilities for testing and examination. Thus a new type
machiné has been designed and built to satisfy the requirements of the out-
lined procedure. In addition, it has also been designed so as to effect a

considerable saving in the time required for tests.



INTRODUCTION

lany new discoveries have been made about the properties of metals,
but there still remains a great deal of research to be done, especially
in order to explain why metals behave as they do under certain conditions.
This is true with respect 1o tﬁé changes invproperties and behaviour of
metals caused by changes in the physical conditions, such as changes of
temperature or stress. However, since it is known that physical conditions
affect the structure of the metals, the primary problem is one of deter-
mining the effect of composition,of structure and oi changes in these

inherent characteristics upon the properties of the metal.

The inability to answer completely the guestion of why different
metals, or the same metal under different conditions, behave as they do,
is evident in our present-day knowledge of progressive failure under re-
peated stress. In the years of investigation of repeated stress, by far
the most work has been done in the field of experimental uetermination of
"{atisvue" properties. This is quite simply explained by the fact that incustry
requires, or rather demands, first to know the "capabilities" of a metal
ana not why it behaves the way it does. Thus the effects of various pnysi-
cal conaitions, such as temperature and neat treatment, upon the failure
of metals subjected to reoveated stress nave been studied and empirical
results obtained, but to date no definite information is available about
the reason for such progressive failures and why changes in the structure
cause changes in the failure. Iany theories nave be:zn advanced regarcing

the failure, but as yet there is no definite proof of any of these theories,



althouch each theory is based upon some observation or evidence.

a

A, An Example of the Problen.

A

A pood example of an experiment in which empirical results, useiul
for engineering applications, were obtained without the necessity of deter-
mining the actual reason for such behaviour was H. F. lloore's Car Axle

- . 1,2 . . N - : s
EZxperiment. In this experiment liooreset out to discover two things:

1, “hat percent of 1life was remaining after the formation of a visible
crack, and 2, would the metal strength be regained if' the crack were re-
moved? The results he obtained in answer tothe first question will be
discussed later (pagel7) but it is the results that he obtained in answer
to the second question that are of interest at this point. Briefly his
procedure was as follows: Using one and two inch diameter rotating-beam
specimens taken from commercial axles, he developed, by means of loading
under reoeated stress, what he called a standard crack in each specimen.
Tnis s tandard crack was 0.1 inch long as determined by a ten power micro-
scope, detection being aided by use of the oil and wniting test (see
Appendix I). The specimen was then turned down on a lathe until the crack
was no longer visible with the microscope, tine first cut having been made
to a computea uepth of crack derived from the length of crack and diameter

a5}

of the specimen. The endurance limit of these turned-dovm specimens was

—

5

found to be below that of the orizinal metal and it was not until a further
sixteenth oi an inch of material nhad been removed that the specimen regained

.

its original enaurance limit.

1 - Numbers refer to references given in the bibliography.



Be The Problem.

d4hat does this mean? It means that incustry knows how nuch metal
must be removed beyond the root of crack in order to reguinﬁthe original
strength or the metal. But why does this extra metzsl have to be removed?
It seems obvious that this layer must have been injured in some way, but
how? Was this injury a result of a fine crack wnich was not resolved by
the ten power microscope or was it the result of some structural change
which had taken place in that layer of metal? Also to be considered is
the possibility that the machining nas filled in a small crack by plastic
flow. But if it can be snown that there is no crack, which is quite prob-
able since the above experiment was carefully carried out, what change
has taken place in this thin leyer of metal? Is it possible to repair
this "injured" layer in any way without appreciably alterins the metal?
In other words, what change has taken place in the material just below

the root of a fatigue crack, causing these changes in mechanical properties?

C. The PFurpose of the Investigation.

It is the answers to questions like these which will lead to the
determination of what actually takes place in a netal subjectea to repeated
stresses and during the development of fatigue cracks. Thus, in this inves-
tigation, it is proposed to evolve an experimental technique utilizing the

known results of behaviour of metals under repeated stress in order to



increase our knowledge of what takes place in a metal during tne formation
and propagation of a fatigue crack. The two chief aims in this regard are;
1, to determine wnether or not the formation of a fatirue'crack is revers-
ibles and if it proves not reversible, whether or not the injured snecimen
can be strengthened in any way, and 2, to obtain a clear picture of the re-
lationsnip between the amount of damage and the formation of cracks.

in order to avoid the difficulties necessarily arising out of *the use
of a metal having a com:licated structire, it is intendea to use a rairly
simple, well-known metel, Armco Iron, whnich nas a definite endurance limit
and the ability to strengthen during understressing (See page.3é ). Also,
upon examining the existing fatigue testing machines, it was found that none
had the desired facilities for wicroscopic examination and all were time-
consumning, e€specially for the tests in mind. Thus, as part of this inves-
tigation, a new type of machine was designed in order to eliminate these
undesirable features as well as to include other desirable ones. Fictures

and a description of tnis machine are given on pages 38 -45.



A BRIEF REVIEW OF PERTLK

INFORMATION REGARDING REPUATZD STRESS

For trne purpose of presenting a clear conception of the pertinent
information about repeated stress, a brief review will be given oif the
experiments and experimental results upon which the proposed investigation

is based.

A, The Bndurance Limit.

The most important characteristic of a metal being subjected to re-
peated stress is what is known as 1ts Zndureance Limit., This has been
enerally definea as the maxinum stress at waich a polished specimen of

a material with no

T stress concentration
* can withstand an
W <+
m . . - - -
‘ﬁ unlimited number of
43 Kl i oy . 4...,"" - - - .
2 ﬂs\\ g : stress cycles or

Endurance -

Limit S=-N curve reversals of stress.

fig. 1 shows the

" iy 2 " '
L4 v —y ™

+

-

comnon type of S5-I
Number of Cycles

dgiagram, which is a

Fig. 1- The S-N Diagram . .

' - - o stress versus number

of cycles-to-failure curve plotited on semi-logarithmic paper. The Endurance
Limit is indicated on this diagram as the stress at wnich the curve becomes

horizontal. (Fig. 1).

The S-N diagram is determined by taking a large number of specimens



and running them to failure at varicus stresses, noting the number of
reversals of stress at failure. Several determinstions are made for eacn
stress and the wvoints are plotted. Tne S-N curve is then drawn tarough
the mean of these points, the spread of points on eilther side indicating
the width of the "scatter band." This scatter band indicates the variaticn
in number of cycles or in "life" during wnich it may be expectea that the
specimen will fail. It is believed that the width of this scatter band is
determined to a great extent by the degree of homogeneity of the material
and the number of internal and external flaws in the material.B’BO

It should be noted that in the case of most non-ferrous metals; for
example, monel metal and dural, there is no definite endurance limit as
defined above, the curves never becoming flat. In tnese cases the zndurance
Strength is defined as the stress wnich will ve withstood for a certain

definite number of cycles.

B. Understressing.

During cycles of repeated stress, understressing is said to take place
when the maximum applied stress is less than the endurance limit of the

‘ . o - : - I _
material Just ovrior to test. OSeveral investipators, Lea”, Swanger and

6,7,8

Frances, and Kommers have found that a specimen subjected to from
one to ten miilion cycles of a stress slizhtly under the enaurance limit
will be strengthened. Two general methods are used to indicate the magni-
tude of the strengthening: 1, a new endurance limit is determined and the

ratio of increase -as compared to the original is defined as the percent of

strengthening, and 2, a new determination of the number of cycles to fallure
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at overstress is
made and the increase

of the new 1life

<:> over tne original

life at that stfess

Stress

is a measure of the

strengthening. In

= figure 2 the arrows
Number of Cycles
: ‘ show the two methods
Fig. 2- Strengthening ) .
, e ' of determining strengthen-

ing, the dotted line showing the S-N curve of the material after understressing.

¥n addition to increasing the strensth under repeated stress (fatigue
strength), it has been found that undersiressing also affects the static pro-

- 5 N ¢ " P % e 3’}-.':).! L.
perties of the material. Several investigators, lMemmler and Laute ', lioore
and Kommers have all studied the effects of understressing upon the static
properties of a material. Brieifly the results of their investigations were

hat there were increases in tensile strength and hardness and decreases

in ductility because of the understressing. It sanould be noted at tnis

point that these results are analagous to those of work-hardening.

C. Overstressing.

Oprosed to understressing, there is what is known as overstressing,
which i1s said to take pnlace when a material is subjected to a repeated
stress greater than its endurance limit. In order to determine the amount

o

of overstress and the resulting damage, three terms are made use of:
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cyclic ratio, per-
cent of overstress,

and percent of

damage. The cyclic

ratio is defined

as the ratio of the

Sﬁress

number of cycles

5 : - —_ for wnich the spe-

Number of Cycles _
cimen has been over-—

Fig. 3- Cyclic RatiQ stressed to the
number of cycles which it would normelly withstand before failure at that
stress. In Figure 3 the cyclic ratio is shown as AC/AB. The other require-
ment for cetermining the amount of overstress is the percent of overstress
which may be given either as AD/ED or AE/ED. The percent of damage, however
is defined as the percentage reduction of the original endurance limit which
has been brougnt abcout by a number of cycles of overstress. The percent
of damage is determined by running a set of specimens at a certain over-
stress for a definite number of cycles and then finding the new endurance
1limit of the set of damaged specimens.

Some typical damage curves are shown in Fig. hé where percent of
damage is plotted against cyclic ratio for various degreses of overstress.
It may be seen that the percent of damage increases both as the cyclic
ratio and the percent of overstress. However, there are exceptions to tnis
ceneral rule as, ior example, in the case of 0.L,9% carbon steel. Here lioore
and Kommers10 found that this steel is strengthened, not weakened, by a

g,

L2w cycles of overstress. This effect is small and is soon overcome as
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the cyclic ratio

or percent of over-

5 104
& i stress is increased.
2 o 8 G gt i el il s o Some typical values
=10 <—10% overstess of cyclic ratio and
x 2 \ A
v 10%
f-20 { erstress percent of overstress
o 20% oversress
3,30 ] 30% overstress c¢iving this strengthen-
By : : :
ing are: 5000 cycles
- S o e () A e
0 e g ldO * at 10 percent over-

Cvelie Ratio

: : 5o stress and 100 cycles at

.g;.g-’ 4f- Percent of., Damage 38 percent overs tresstO,

It should be noted, though, in regard to this strengthening that the eifect

was extremely small, the new increased endurnace limit being Just outside

the scatter band. In figure L, the normal dam ge curves are shown as solid

lines whereas a damage curve showing strengthening is shown as a dotted line.
Another method of indicating the amount of damage done was that adonted

28,29

by Oshiba™ "’

» Who developed what he called the "degree of fatigue." This
tDacreéSing ;‘ G i he determined by

‘ . dividing the loss

in Charpy Impact
value of the specimen
subjected to repeated
stress of impact by

the original Charpy

‘Demree of Fatigue

ldb Impact value. Figure.

Percent of Life

5 shows typical curves

: Fig’ 5- Degree of Fatigue obtained by Cshiba for
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a 0.3% carbon steel. He found from his standard curve (lower curve, Fig. 5
that there was first a stage of slow increase in the degree of fatigue. Then
the slope of the curve increased rapidly, almost as a straight line, and

then finally began to level off. He attributed the slow increase at first

to damaging of the specimen without the formation of a crack. Then with

the formation of cracks he assumes that the degree of fatigue increases

more rapidly until such time as the increase of impact value céused by the
refining of the grains during repeated stress (Gough21) overcomes to a great

extent the effect of the cracks or fissure, thereby casusing the curve to
> 5

Py

flatten off before final failure.% In his discussion he assumes that cracks
begin to extena from minute ifissures at the lower kneg of the curve. The
upper curve in figure 5 shows that the initial period of slow damage decreases
as tne overstress increases, there being no low-slope portion to the curve

if the overstress is sufliciently large. During understressing nhe found

that the degree of fatigue increased and then became constant, but that
auring overstressing tne degree of fatigue never became constant. Thus,
Oshiba showed in another way that during understressing the metal was
strengthened, this time against impact failure.

The damage line is developed from the results obtained from the percent
of damage curves as determined above. It is actually a line drawn to the
left of the S-N curve through the points at which the endurance limit, when
tested after overstressing, is equal to that of the original endurance limit.

» 11 - o . : .
In figure 6 are shown the two different types of damage line resulting

% It is a proven physical iact that the finer the grains in a metal, the
higher the impact value. Here Oshiba makes use of Gough's premise of tne
formation of crystallites (See page0), assuming consequent increase of
impact value to explain the levelling off of the curve.
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from the behaviour

of metals under

overstress. Line 1

srtows the damage line

x .
Gl

| SR : i -

| T Do bl B — ——  of a metal which

Stress

shows strengthening

during overstressing

» : while 1line 2 shows
Number of Cycles :
the damage line of
‘Fig. 6- Damage Lines : . . metal which does
not show strengthening during overstressing.
It should be carefully noted that this line of no damage does not
mean that the metal has not been injured, for though the endurance 1limit
has not been lowered, the number of cycles or percent of life remsining
to the metal na§Eeen decreased. For example, let us consider a metal with
damage line 1 and overstressed as shown by point 3 in figure 6. This speci-
men has been subjected to a number of cycles of overstress just about bringing
it to the damage line. This does not mean that tne metal is undamaged but
only that its endurance limit is still above or equal to the original en-
durance limit. That is; if the stress were reduced to tne original encur-

1

ance limit, the metal would not fail. However, if the metal was malntained
at the same overstress and then run to failure, the number oi cycles it
would run would be equal to the original life less the vercent of 1life or
cyclic ratio already run. In other words, the life of this metal partly

overstressed is less than the original life although the endurance limit =~ .

nas not been lowered.



A few determinations have been made of percent of damnage curves
lying between the damage line and the original 3-I curve but these deter—
minations are extremely time-conswuing and the results showed nqthing
other than what was expected, that is, a series of curves conforuing to
the shapes of the S-K curve and the damage line.

broacly consicering the field of overstressing, we {ind that if we
take a givén numoer of specimens and giVé them the same amount of overstress,
these are then specimens of a different material which has its own endurance
limit, its own S-N curve and its own static properties. However, its com-
position is the same so it is obvious that some change must nave taken place
in the material's structure in order to give it these different wroperties.
Here again, we are confronted with the problem of what it is that takes
place in thne material to cause these changes.

.

D. Strengthening of Damaged Speciuens.

Various metnods nave been tried in orcer to strengthen or repair
tiis damage wnicn nas taken place during overstressing. Some of the

experimenters thought that if the metal was "fatigued," that it might

be strengthened by "resting." The specimens were rested for various
veriods of time between various anplications oi oversiress but the resultis

of the exveriments showed no improvement of such magnitude as to bring

. , o . . - — - .3
tne strength of the metal outside the limits of the original scatter band.
However, Davies, Gerold and DchultZB found that by heating a soft

e o : . . o asa
steel to 285  F after each 5000 cycles, that they increased the life cycles

from the 69,000 to 200,000 range to a range of 360,000 to 140,000 cycles.
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In anotiner steel (0.42% carbon) they ifound that it was necessary to heat
the specimen to 285° ¥ for three days after each 10,000 cycles in order
to obtain results which were definitely outside the scatter band. It may
be assumed that the heating in these cases is an annealing operation, re-
moving the effects of overstressing, which is orobably a form of strain-
hardening. Also 1t should be noted that the heating required to reduce
the damage is different for different materials, indicating that the effects
of overstress are, in each case, a function of the material itself.
Strengthening by heat~treatment, as can be seen above, may only be
considered to be effective over small ranges of overstress. On the other
hand, strengthening by understressing has been proven to be a much better
- method of improving the strength of a damaged material. ‘Vhether this
strengthening is due to the actual repair of the damaged structure or to
strengthening around the damaged area is still open to question although the
opinion is that the improvement is due to strengthening around the damaged
area and not to actual repair of the damageBO. The usual procedure has
been to damage a specimen by overstressing, consequently reducing the en-
durance limit. Then, after reducing the apnlied stress to a value just
below the new endurance limit, the specimen is understressed and its en-

Jurance limit raised from the lower value. The

0]

ndurance .1init has been

raised by understressing in this manner uv to the original endurance

6,7,8
2

12 13 L} b

Russel and Vielcher and loore ™ have all carried out experiments in which

limit and sometimes even above the oricinal overstress. Xommers

they strengthened damaged specimens by understressing. Usually, thouzh,

tnis understressing was carried out in conjunction with the determination

5

of percent of damage and damage lines, the latter being the prime object



of the experiments., ror exanle, Kommers, in his overstressing experi-
ments, always took the damaged specimens remaining after the determination

of the new endurance limits and then proceeded to increase thne load on

these specinens by a nound a day until the spescimen failea. He found

oy
(0]

vhat he could in this way increase the appliea stress until

creater tnan the originally arplied overstress.

it was equal to or
siowever, in evaluating these resulls one must be careful to note that

the specimen was run only one day at any understress, thus not obtaining
the full benefit of the understressing and using as an arbitrary endurance
1limit the stress at wnich failure did not take place during the number of
cycles run in one day. This, nonetheless, in no way detracts from the
seneral ability of a specimen to be strengthened greatly by graduated
understressing or "coaxing'" as it is more commonly called. 4#lso, it is

not clear to just what limits the stress of these damage specimens can be
raised since no experimental work has been done with this in view, although
determinations have been made oI tihe strengthening of undamaged specilmens
for several metals. It would be very interesting to zind out now the

'

1 value of stress obtainable by understressing compares with the

maxi:

<
|-
D)
(]

d and vlitimate strencsths of the material,



BVIDENCE OF CHANGES IN THE MATERIAL

A. jiicroscopic Bxamination of Slip.

But what evidence is there regarding transformations in the material
mhile subjected to repeated stresses? As was natural, the first attempts
were made by microscopic examination. Work of this nature was aone by

15 1l 2

Gough™, Gough and Hanson™ ~, liocore and Ver™  and lioore and Howard™ ; to

name a few. 3Brietfly the results of their investigations were as follows.

It was noted that during understressing of some ferrous metals, traces of
slip lines, not extending to the grain boundaries, were observed. However,
during the application of an overstress to ferrous metals, the slip gradually
becaiie heavier and more extensive until eventaully a fatigue crack of obser-
vable dimensions developed out of and passed through areas of maximum slip.
Also there was a tendency for the cracks to pass through inclusions and
other imperfections in the material. To indicate to what lengths micro-
scopic examination nas been carried, Lucas18 has done considerable wo rk

at very high magnifications, naving observed cracks of a width of 0.0001
inches at 3500X. At L200X he reports that a disturbance was visible in

the metal ahead of the crack but as to its nature, ne was unable to say.

letals which behave as above; that is, show evidence of siip auring

understressing, may be classified as one zroup of metals which also has

the ability to increase tneir nardness during repeated stress. Ioore and
Ver h assify as another group those metals which show little difference

in hardness after damage by repeated stresses. Also no slip lines are

visible in metals of this group during understressing. Tnis second group
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may be further sub-divided into two groups, the first of waich contains
metals, usually alloy steels, which develop slip lines during overstressing
before an actual crack is formed and the second of which contains metals
such as dural, monel metal and brass, which do not develop slip lines before
.a crack is formed. As mentioned above, (page 7 ) it may be stated that
cenerally metals of the first grcup have a definite endurance limit whereas
those of the second group have no definite endurance limit, but rather an
endurance strength. These facts seem to indicate that certain metals have
the ability to strengthen themselves by.plastic deformation, as evidenced
by slip, thus oreventing the start or spread of a microscopic crack or

other inhomogeneity. On the other hand, the metals which have no definite
endurance limit show no evidence of plastic deformation and thus no strengthen-
ing, allowing submicroscopic cracks to progress to failure, no natter how

low the stress, as long as the number of cycles is sufficient.

B. ZX-Ray Diffraction Lxamination.

However, because investigation of slip did not seem to be adding

any more information about the failure under repeated stress, Gough turned
. - : N S s . . . 19,205,214,

to X-ray diffraction methods for the investigation of the failure.

In nis earlier work on single crystals, he confirmed the fact that
slip took place along the operative plane or plane of maximum resolved
. , S _ 2 . 3
shear stress. Then in nis latest work  with a polycrystalline aggrecate,
he reportea that the same three changes took place in the diffraction

pattern during static loading and under cycles of overstress. He attributed

these three changes in the diffraction pattern, in order, to the following:
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1. Dislocation of normally perfect grains into components which may
N ; o . . . . - .
vary in tilt up to about 2° from the orientation of a perfect grain; 2,

L

Formation of crystallites, 1077 to 10_Som. in size, exhibiting much wider
divergence of orientation than parts of the dislocated grains; 3, The presence
of lattice distortion in the crystallites. He noted that failure followed

the complete breakdown of the crystals, but could not prove whether or not

it was related in any way té the three changes, stating merely that they

may oe associated in some way. On the other hand, he discovered that if

a specimen is understressed there is, outside of the initial adjustment to

2

the loading, no change in the diffraction pattern. From these results,

he was able to conclude that strengthening by understressing was not the
same action as that of damaging by overstress, whereas he showed that in
damaging oy overstress, the action was the same as wnen damaging a specimen
by static forces. It should be noted at this point that there is, in the
first case, a pqssibility of the actions not being different, out merely
the same basic action, the difference being caused by carrying the action
to different magnitudes. But wnether it is one action of different macni-
tudes or two cifferent actions, these results can be said to agree with

the idea commonly e}:pressedl\u’3 that whether a metal fails or not depends
ucon a sort of balance of power between strengthening and damaging effects.
In the first case, 1t may bhe assumed that up toibertain magnitude, the
action strencthens the material, while beyond this point it will damage

tﬁe material. In the second case it is merely a balance between the two
actions, one tending to damage the material and the other terding to

strengthen it. Is there any possible way in which one might prove whether

it is the same action or not, as outlined above? COne possibility tnat should

&)
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be investigated is to see if the diffraction pattern of a damaged speciimen
will change curing subseguent understressing. If no further change takes
place in the diffraction cattern auring this understressing, we would be
still leift with the two possibilities mentioned above., Bub ii there were
a change in the pattern, this would not only indicate whether or not a
damaged specilmen can be repaired, but would also indicate that the action
is tne saie in both cases. Thus these deductions point to a vnossible
method of obtaining ifurther intormation about progressivecfailure. However,
since specialized and expensive equipment would be required, it was not
considered witnin the scope of this investization to carry out experiments
of tnls type, but to attack the problem from the same direction, but on

a microscopic rather than an atomic scale.

C. Application of Dislocation Theory.

How do the above discoveries regarding slip and progressive failure
agree with thne recently proposed dislocation theory of siip? This theory
has been acvanced in order to explain wny the fcrce required to produce
slip or plastic flow is much less than the theoretical force wuich would
be required to move a plane of atoms past another plane of atoms; as would
take place in "block slip", the proposed mechanism of slip in effect up
until this time ~. The question is whether or not this dislocation theory
is applicable to the changes taking place during repszated stress as well
as for strain hardening by cold-working.

first, however, The question of why slip can take place at stresses

rnuch less than the yielaing stress of the material should be answered. To
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explain this Taylor31 and Orowan25 have advanced the proposition that
in these materials subject to slip, there are certain localities which
they nave called "plastic inhomogenieties." The incividual yield points
of these inhomogenieties are lower than that of the material as a whole.
Thus, wnen the applied stress at any time exceeds the yield stress of one
of tnese inhowmogenieties, slip will take place in that inhomogeniety with
resultant strengthening by strain-herdening. Then slip will next take
nlace at a nigher stress in that innomogeneity which has the lowest yield
point efter tne first inhomogeniety has been strengthened. This process
will continue in steps of this sort until either the yiqld noint of the
weakest inhcmogeneity is nicher than the apolied stress or the strengthen-
ing effect of the sitrain nardening is not sufficient to raise the yield
roint asbove the applied stress, leading to eventual failure of the material.

It will be noted that this tneory for fatigue advanced by Orowan
explains both strengthening by understressing and fa lure by overstressing.
The portion regarding understressing is completely in agreement with the
dislocation theory as outlined by Seitth. In this understressing, slip
and tne consequent strain-hardening can be explained in exactly the same
manner that TaylorBl.explains them in the case of cold-working, Taylor
attributing the slip to dislocations and work-hardening to the interference
of dislocaticns as their number increases. He suggests that this inter-
iference may be merely caused by attractive or repulsive forces exerted by
tne dislocations. This is a possible explanation of the effects of under-
stressing out wuau about the effects or overstressing?

Considering that tne first action taking place during oversitressing

is that of dislocations with their accompanying slip; then, if, as in
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some cases, bthe metal is first strengthened, the strengthening by dislo-
cations can take place exactly as in understressing. Bul let the assumptiocn
be made that tne attractive and repulsive forces of the dislocations only
act in such a direction as to strengthen the metal up to a certain point,
beyond which point they act so as to cause weakening because the forces

are now acting to force the metal "epart." Then this assumption will ex-
plain why, after a certain number of dislocations have taken place, the
metal will start to become damagea and the damage will increase as the
dislocations progress. A further possibility which may be assuned at

this point is that cracks will begin to form when this "destructive force"

of the dislocations excedes the cohesive strength of the metal. Those

metals which show no strengthening during overstressing may then be simply

exolained by the fact that the initial siress was gre:

>

to cause
damasing dislocations from the start. Thus it may be clearly seen that
with a slignt extension, the dislocation theory as proposed by Taylor and
Seitz may be sald to be in accordance with the observed effects of under-
stressing and overstressing. Also, it can be seen that if this theory can
be proved to be true, that the question arising in the discussion of Gough's
work regarding the action of failure will be answered, tne conclusion being
that the action in the case of understiressing and overstressing is the same
but of a different magnitude. Conversely, if by work such as Zough's

this fact can be proven, this will lend additional support to the dislocat-

ion theory.
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CRACK FCRMATION

The next step is to examine the data which has been published re-

garding the point in the life of a specimen at which a visible crack has

first been noticed.

A. Detection of Cracks.

¥

In Table I (page 26) has been gathered most of the published data
about the initial visual observation of cracks. It should be emphasized
that these values of 1life a:re those given for the point at which a crack
has been detectea and may not be assumed to be the voint at which the crack
has first formed. As can be seen from the table, there are some discrep-
ancies in the results obtained. In order to see whether or not they may be
explained, a closer survey of the results obtained should be made with con-

\ A
sideration of the means oi detection used. We find that Komznersj reports
that there were no cracks in 0.3 in. diameter specimens up to 90 percent

o~

of life, wnich fact he determined by visual observation as far as we can

o

, " ﬂ » Yo T .33 s S
gather from the literature. DeForest™ , nowever, founa that the percent

of 1life to produce cracks was very consistent. In his experiments he
revorts that he was able to run his specimens for a definite number of

stress cycles and subsequently iind a crack almost of the dimensions re-
quired. The range given in the table includes tests for various tynes

of surface finish, the range of cyclic ratio for each type of surface finish

actually falling within a few percent. He used the kagnaflux method of



detection which is described in greater detail in the appendix. With
regard to these results, it is of interest to note that the cyeclic ratio

to crack detection increases as the overstress decreases.

TABLE I
Investigator Material Overstress Crack Detection  Detection
% % Life Cyeles tletnod
Kommerth Armco,SA% 1030 steel —— 90 Variocus Visual
Cast Iron
DeForest33 SAE 1020 Steel L5 69-65 69-85,000 liagnailux
30 73-92 B87-106,000
18 70-96  390-L5045000
Bacon & xo;er32 0.27» Carbon steel 32 70-80 70,000 Heat Tint
Lioorel’2 0.115% Carbon steel 5 39 122,000 0il &
sWhiting
01165 Carbon steel 6 87 62,000 10X lic.
(new) L3 76 116,000
36 61 22L,000
21 27 347,000
8 52 1,020,000
0.446% Carbon steel 35 L9 190,000
(used) 30 LS 100,000
19 67 51,000
15 70 560,000
8 58 350, 000
2 9 500,000
Z S 300,000
0.62% Carbon steel Ein 55 191,000
20 L3 333,000
6 12 1;13,000
2 31 1,629,000
Cshiba20’29 0.L% Carbon steel Repeated  28-71 degree cof fatisue
0.7# Carbon steel Impact h0=-50% " n

32 . . :
Bacon and Roger” also razn some crack proporation tests in which
- L . S e N .
they zive figures showing when a crack first apneared. This given point

is definitely located after a crack nad formed because the method of detec

4 2
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used was a neat tinting one in which the specinen was tinted to different
colors at different numbers of cycles in order to determine the area remain-
g after variocus cyclic ratios. Thus the figure given is that of the clossst
cyclic ratio at which the metal was testea after the formation of a crack.
This lzaves to be discussed L:.oore'sl’2 experiments with spscimens
taken frém commercial car axles. Here cyclic ratios are found all the way
from 5 to 87 with a tendency for the cyclic ratio to decrease as the over-
stress decreases, which is just the opposite to what Delorest found. Also,
with overstresses of the same value as the other investigators, he observed
cracks long before the other exrerimenters did. There are two possible
expalanations for tnis; 1, he was able to detect smaller cracks by nis
method of detection and 2, he used larger specimens, 2 in. in ciameter.

In exrlanation of the latter, he states that, roughly speaking, the minimum

ng,

1

size or a crack which can be detected 1s inaependent of the size of specimen;

-

the proportionate amount of camage done by tnis size of crack wuld, however,

. . . ’ 1 . -
be greater for a small specimen than a large one. dot too much importance

HJ

snould be placed on nis results for 2 vercent overstress for ithis value may
be well within the limits of the scatter band.

Examining his results for each material, it can be secen that rfor the
U.Ji5% Carbon, the U.l:6% Carbon (new) and the U.67% Carbon steels, the
results are fairly uniform, with a élight decrease in cyclic ratio, as men-
tioned above. However, the results for the 0.L6% Carbon steel (used) are
quite inconsistent. This inconsistancy may be explained by the ract that
tne specimens had been taken from an axle which had previously been in

service so that specimens taken from diffevent parts of the axle would have

had different stress nistories" and consequently woula not be expected to



behave in the same manner, for they would be of essentially different
materials.
In column 5, Table I, are given the actual number of cycles run

before the detection of a crack. As a matter of interest, the actual

TABLE II
From Komm.ers7
Material Overstress  Percent Damage  Strengthening  Cyclic Ratios
% C.R« C.R«. C.R. % Strengthened

20 SO 80

0.27 Carbon Steel 10 3 9 15 7-16 . 6-96
o6 v H 10 20 26 9-20 7-7k
0.62 " . 5 10 13 11-25 7-71
Cast Iron | 1 2 3 10-16 23=T2
Armeco Iron 1 2 5
0.27 Carbon Steel 20 L 15 22
OB " i 13 20 28
062 H o ok 18 25 11-25 7-71
Cast Iron 8 8 9 10-16 23-72
Armco Iron 2 7 12
0.27 Carbon Steel 30 7 18 30
0.8 o L 20 24 L5
.62 » I 13 20 27
Cast Iron 11 1L 18 10-16 23-72

fumber of cycles to failure are plotted on semi-logarithmic paper in order

to determine whethner or not there is any simple relationship between the
actual observation of cracks in different metals and if there is a simple
method of indicating crack detection on an S-N dlagram (see Figure 7, page-#7

29 ). 1t is of interest to note that most of the plotted points lie within a
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straight band. «hether this is of any significance or not cannot be deter-
mined from the data available because 1t was deemed insuciicient to make any
conclusions, especially since the values obtained are for different metals.
It is possible that if more careful points were plotted one might obtain
either a curve similar to a damage line, or a straight line; there being
indications of both in the above data.

but what is the percent of domage in such a cracked specimen? There
is very little data available on this point but loore, using 6 specimens of
0.7% Carbon steel, uetermined that the endurance limit of these specimens
with a standard crack of 0.1 in. was between 50 and 65 percent of the

original endurance limit, corresponding to 35 to 50 percent damage.

B. Correlation of Crack Formation with rercent Damage.

m

There is, however, considerably more data available regaraing the
behaviour of metals subjected to repeatea stresses before the observation
of a visible crack. This data was obtained mostly by Inioz’m*n.e:c*s'Z and Hussel
and ﬁelcher12 in their work on percent of damage and damage lines. An
extract of some of Kommer's work is given in Table II, page 28. Here,
for five di:ferent metals, are given the percent of damage at three cyclic
ratios and three degrees of overstress. In columns L and 5 are given the
range of strengtinening he observed over various ranges of overstress.
Now, is there any correlation between Tables I and II? Generally
it may be said that there are two stages in the life of a material under
repeated stress as shown by these tables. The first is one in which the

material has been damaged, but no cracks have been observed, whereas the
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second stage 1s one in which cracks have been observed. Considerable
overlapping of these two stages is found, forming an area in which a
visible crack may develop. Since it is in this overlapped area, or
verhaps sligntly before it, that cracks may be expected to iform, it

is unfortunate that. the data is so confused at this point. For example,
Kommers has strengthened specimens which have run up to 96 cyclic ratiol,
but cracks have been observed long before tnls by other observers. How-

ever, this may not be considered as conclusive evidence of the strengthening

o

of cracked specimens for there is the possibility that different metals
will develop cracks at different cyclic ratios. Therefore, this means
tha£ the overlavping of the tables does not necessarily indicate that a
cracked specimen has been strengthened for it may be only that that parti-
cular specimen has not, as yet, become cracked,
A further comparison can be made by using the value of the endurance
limit of a cracked specimen as determined by lMoore (see above, paze 30 ).
The most similar metal in Table II is 0.L8% Qarbon steel and, taking the
value for 30 overstress, i1t can pbe seen that it compares favourably with
the value for the vercent of damage derived from lioore's endurance limit.
dowever, liocore's overstiressing was not constant or at any definite value,
so that the amount of agreement is a little in doubt. Also, since no
other data is available, further correlation is impossible, which fact
enpnasizes tiie need of more data if any definite conclusions are to be

mnade,
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ROPOSED EXPERTuENTAL PROCEDUR: AND EXr=CTED RESULTS.

A. Strengthening of a Cracked Specimen.

Prom the above discussion, it is obvioué that the first step should
be a further investigation of a cracked specimen during understressing.
Thouch Loore's experiment indicates that there is an endurance limit for
a cracked specimen, this should be confirmed for &Armco ireon, the endurance
limit being determined accurately for an arbitrary crack length in pre-
paration for further uncerstressing experiments. If such an endurance
limit can be determined, it will indicate the magnitude of the stress
concentration factor for a cracked metal subjected to repeated stresses.
Further exveriments could then be easily carried out to determine the
effect of size of crack upon the stress concentration factor.

But the question of whether or not a cracked specimen can be
strengthened by uncerstressing is much more important. It is expected
from the experimental results and theory discussed above, that if the
applied stress is lowerea sufiiciently to enaﬁle the material in the
vicinity of the end of the crack to be understressed, then the specimen
should be strengtnened. This strengthening may not be to the same cdegree
as for an undamaged spccimen but it would be expected that they will be In

Gqreement - 3 _ ) ) _
plosehbecause Kommers reports” that the degree of strengthening of undamaged
Armco specimens is 10 percent and that of square-notched specimens is 9
vercent. No information is available regarding the degree of strengsthening

of damaged Armco specimens., Thus if a careful determination is made of

-



the degree of strengtihening possible®in both damaged and cracked specimens,
we may be able to derive some important conclusions. If it should be found
that the degree of strengthening is the same for damaged and cracked spe-
cimens it would be concluded that it is quite probable that there are sub-
microscopic cracks in the damaged specimen. Also, if the degree of strength-
ening is found to be the same for the damaged specimens as for the virgin
metal, it would be an indication that the vircin speéimen contained sub-
microscopic stress-raisers. However, if the results obtained are not as
outlined above, it would be considered that failure under repeated stress
aoes not take place because of the extension of inherent sub-microscopic
fissures but is a process invoiving the formation and subsequent growth

of cracks.

If, on the other hand, it should prove impossible to strengthen
cracked specimens by understressing, then specimens with smaller and
smaller cracks swnould be uncerstressed until such time as strengthening
is observed. If it is found that a smeller crack could be strengthened,

a provision would have to be included in the above-mentioned theories in-
dicating that there is a critical size of crack above which the stress
concentration factor is greater than the strain hardening effect. However,
if it is found that no crack, however small, s£could be strengthened, then
the assumption woula be that once a visible crack was formed, the theories
advanced for slip and strain nardening break down. This of course,

would not give any information regarding sub-microscopic cracks, though

QO

1imit would be obtained for the amount of damsce above which a metal

<

cannrot be strengthnened.



B. Ixtension of Percent of Damage Curves.

1f satisfactory results are obtained in the above experimental pro-

cedure, the investigation way be continued along the following lines, if

so desired and if the results obtained prove it to be practical. Con-
sideration of the correlation between percent of damage in cracked and
damaged specimens as outlined in the previous section, leads directly to
anothe r procedure which may add greatly to the information regarding failure

by repeated stress. If one carefully determined and plotted percent of

damage right up to a cyclic ratio of 100, including in tnis investization

the nercent of damage of cracked snecimens, one should obtain a continuous

;! g
t

curve., This curve should then be observed closely, changes of slope and

discontinuities oveing noted. I1f a smooth curve were obtained, it would

oe an inaication tnat the processes of incipient crack formetion and

=

cracx nropogation form one continuous action. The conclusion derived
from this observation would thereiore be that the observed crack rust
have started from submicroscopic cracks or fissures whicn were inherent
in the operative vlanes of the metal, the failure being at first due to
submicrascoplc extension of the fissures, ovrobably by slip, ana later due
to visual extension of the fissures.

However, if there were a sharp break or irregularity in the curve

at any point, it would indicate that tnere is a discontinuity at this

in the life of the specimen, tne form of which is unknown. The

ot

poin

nossible reasons for such a discontinuity are either that a crack has

suddenly formed giving a stress concentration, or that a crack has re=ched



a stage of development at which its stress concentration becomes operative.

Tnus, if one did obtain such a curve, one would have to investigate stress

concentrations of small cracks in order to arrive at a definite conclusion.

nowever, there wculd be two points avout which to be very careful

this procedure is followed. The first point to be watcned is that the

=

i

curve, even if smooth, could never be a straicnt line in the case of either
5 b )

rotating beam or flexural snecimens for the following reasons: because
there is a variation in stress across the specimen and because the area

of the "ponded" material bscomes less as the crack or damage progresses.
The first of these variations can be eliminated if push-pull testing
machines are used and it is assumed that the s tress was constant across
the area of the specimen. The second wcint to be watched is that in this
curve the effect of the scatter band shoula be taken into account for if
there is a lot of scatter, the discontinuity, if any; might be hidden.

™

For this investipgation, the specimens should be carefully finished, sized

o+
=
[©)
H
¢
1=
o
=]
ct
o
0
a

and polished, thus eliminating most of the irregularities oti

herent in tne metal and consecuently reducing the amount of scatt
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catter still further, the specimens could
be siven a heat treatment to make them more homogensous.

Moy Y & e T } Y £ — : 5 5 s

Thus the procedure would be to check whether & cracked specimen can
be strengthened by understressing and to what degree. Then one could
carry on and plot the damage curve. Ifrequent microscopic examinations

-

will be made during all the steps, siip being noted particularly. Thus

this experimental procedure will -add greatly to the practical knowledge

of the effects of slip and from a study of these effects zive a huch clearer
conception of the mechanism of failure under repeated stress and the part

slip nlays in it.
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CHCICE OF WATERTAL

A. Desired Properties.

in this investiration it is desired to use a metal with a simple
structure in order to avoid the eiffects of a complicated structure wnich
would clcud the fundamental mechanism of failure which is what is actually
being studied. In addition it was desired that the metal have as many

of the following properties as possible.

=
°
e

{as a definite endurance limit.
2. &xhibits slip both during understressing and overstressing.
3. Can be strengthened by understressing.
li. Has a yield point close to the endurance limit.
5. 1Is easy to machine,
6. 1Is commercially available.
7. Preferpably has had some previous experinmental work done with it.
It was found that Ariico iron satisfies most of these speci.ications.
It has one of the simpler structures, nas a deiinite endurance limit and,
in addition is a relatively oure material, thus minimizing the effects
alloying elements.
Regarding the other specitications, koore and Verlh found that Armco
iron exhibits slip both during understressing and overstressing. Komiers:

has shown that it can be strengthened by understressing. gegardin

A1z

i)

[3}e

the

yield point and endurance limit, Kent gives the same value, 26,000 psi,



for each whereas
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loore gives the following values: yield point - 20,500 psi,

endurance limit - 22,000 psi and tensile strength - 10,000 psi.

Armco iron also satisfies tne other svecifications given above,

especially the last one as is snown by the number of references already

given,

Also, if so
by using special
cnanged.

m-

Inus it can

for the investigaf

desired, the effects of the grain boundaries may be studied

N

heat treatients in wnich the grain size of the Armco is

be seen that Aramco iron is a simple basic material suitable

ion of the behaviour of a metal curing failure under re-—

peated stresses without involving the complications arising out of the

use of a metal with a more complicated structure.
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A NEW TYPE FATIGUE TEST wWACHINE

A, Desired Characteristics.

Upon examination of the existing types of fatigue testing machines,
it was found that none of them had all the characteristics desired for
carrying out thne experimental procedures described above. First, since
it is obvious that a lot of microscopic examination is anticipated, it
is desirable that the specimens be suitable for such examination, and
if.possible, provision be made for examination of the specimens in the
machiné. Also, since part of the life of the specimen especially under
observation is that when cracks are forming and propagating, it is there-
fore desired that a constant strain macnine be used as opposed to a
constant load machine, Zor the latter type of machine accelerates failure
once & crack nas formed. Another characteristic which is very desirous
to incorporate, is the ability to reduce the time required for the tests

outlined on the above experiiiental procedure if at all possible.

B. A General Descrivption of the lachine.

Two views of the machine desipgned to incorporate these desired
characteristics are shown in figures 8 and 9. This machine was designed
by the author with the advice and assistance of Dr. D. E. Hudson and

Frof. 4. Hollander of the llechanicel ingineering Department of the Califor-

nia Institute of Tecmmology.



It utilize

39.
the reversed bending of flat specimens (see Fig. 10)
in order to initiate failure under repeated stress.

mounted in four banks of six

2Ly specimens.

T

Tne specimens are
'he banks

specimens each; that i

173 2

s, holdin
are

5 a total of
so arranged that maximum utiligation is made
of both "vibration" eccentrics and space, the whole machine having outside
dimensions of epproximately 1L x 1l x 5 inches.
: :

3

Adegquate provision is
iade for microscopic examination of the specimens while they are mounted
in the machine.

¢

The movement is imparted to the specimen by a ball-bearing mounted

eccentric, the specimen being constrained to follow the eccentric by nmeans
of a spring-loaded linkage system.

These eccentrics are all mounted on
a single shaft at angles of 90 degrees to one another in order to minimize
the bending

stresses on the shaft, each eccentric actuating two smecimens
ler to further balance the systen.

machine is driven by a V-belt pulley drive (not shown), inter-
changeable opulleys giving

various speed ratios if so desired.
has also been designed so

The machine
that it will operate either on an edge or on
a side, whichever happens

to be the most convenient,
Ce

Special Design Features.

This machine

was designed to incorporate several special features

which would be of great assistance in carrying out the outlined investigation.
Since it was expected that a great amount of microscopic examination

would be required, it was first decided to use flat specimens, as opnosed

to round specimens, in order to facilitate such examination.

These ilat



Fig. 8- New Tvpe Fatisue Machine. View
from drive end showing mounting of
specimens and linkage system.

—

o
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Fig. 9- New Type Fatigue Machine. Side
views

Fig. 10- Svecimen for Fatigue Machine.



specimens require no special mounts and present a flat objective plane.
It was felt, however, that a great saving of time and energy could‘be made
if the specimens were so mounted that they could be examined in the machine.
Thus the macnine was so designed that the critical area of one side of
each specimen was left open to facilitate microscopic examination. In
order to facilitate examination in position, a microscope mount'with suitable
adjustuent screws has been designed for attachment to the machine. Since
this piece of equipment has not as yet been made, no photograpvhs are
available.,

In this investigation a great number of the specimens will be run‘
at or close to the endurance iimit. Since the ordinary =eweldwes machines
turn only at about 1700 RFi, it can easily be seen that the time required
for each test would be very great unless the machine were speeded up.
; - 25 : , :
Since lioore and Krouse revort that speeds up to 30,000 cycles per winute
cause very little difference in the endurance limit, this machine has been
designed to run at speeds much greater than the ordinary machine, thus
reducing the time requirea for running tests. At first, until the effect
of speed on tne endurance limit of flexural specimens has been determined,
for ovrecise resulis the speed at wniich the tests are made should be speci-
fied. OSince the machine was so complicated as far as loading is concerned
and since the loading will change with each variation of stress, it was
considered impractical to try and theoretically déterﬂine the critical speeds.
Instead, it was decided to deterimine the critical sveeds experimentally,
finding a suitable non-critical speed close to the desired speed.

A further metnod of saving time is to desiyn the machine so that

several speclimens are tested at the saue

(

lowever, one oI the greatest
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has over other multi-specimen macnines is that

several specimens can be tested at different stresses at the same time on
the one imachine. This is accomplished by the use oi a set of removeable
eccentrics of varying eccentricity. Thus with a complete set of eccentrics,
any desired combination of stresses can be set up in the machine. For
example, tais machine was designed for 2L specimens with a maximum of 212
different stresses. Thus, by the use of apuvropriate eccentrics, it 1is
possible to get a conplete S-N curve in just one run of the machine, the
curve being determined by six stresses with four specilmens at each stress
or twelve stresses with two specimens at each stress. .lany other combinations
can be made up and if desired all the spec;mens can be run at the same stress.
A Purtner advantage of this machine is thnat, by changing either the set of
eccentrics or the thickness of the specimen, it is suitable for any material.
Anotner simple adaptation nossible with this machine is that by the
use of shims under the specimens, rallure under various rances of s tress
may ve studiea. Also the machine is designed so that by the simple addl tion
of cover plates it may be used ror testing under controlled conditions.
Thus, it can be seen that the above machine is simple and adaptadle
to nost testing conditions as well as being able to reduce by a considerable

amount the time requirew for fatigue tests and for determination oi S-N

CUrveS.



Appendix T

Detection and Cbservation of Cracks.

This is not intended to be a detalled stateuwent and discussion of
each oi the methods but ratner a general statement of eacn method and

the results obtained, with refersnces supnlied for furthner information.

liethods of Detection.

1. 0il and Whiting kethod.
The specimen is first coated witn a thin oil and then rubbed dry.
It is next coated with wniting which is allowed to dry. Then any oil

retained in the cracks will not allow the whiting in the area of a crack

to dry, thus bring

D

upnasis to tnat area. Sometimes The specimen is
stressed for a few cycles after tne wniting nas dried, the stressi
tending to force the oil out of the smaller cracks.

L modirdication. of this procedure is to use rasoline as a wash and

ohen to stress tue s wen for a few cycles. BRubbles will then tend
to form along the cracks, bringing them Lo notice.
o limits are given as to the size of crack wnich may be detscted

in this mamnmer.

keferences: 1 and 2.

N
.

Magnaflux.

In this method the specimen is magnetized and then coated with a
dry or wet para-magnetic powder. Solvents used for the wet powder are
carbon tetrachloride and kerosene. The relative times of anplication of

nowder and magnetizing current is different for different rrocedures. A

e Y



variation of this metnod is to use a fluorescent para-magnetic powder

in solution and then with the aid of ultra-violet

By means of this method, cracks of a depth of 0.008 inch have been
detected by the lux. .

References: 23, 35, 36, 37, 38.
34 Lagnetic Leans.

Using t“e same principle as the magnaflux; that is, the disturbance

of eddy currents by cracks, but in this case the crack is located and
measured by a calibrated change of the current in a surrounding coil.

Cracks to derth of 0.0005 inch have been detected by this method.
‘However, for this apparatus the material being tested must be in strip
form and of constant cross-section.

Reference: 39

=

Zlectrical Resistance.

This nethod uvtilizes tne change in the resistance of a specimen

place some time before its {ailure. Asscciated with tnis change

in resistance are; a rise in temperature, a in deflection, a change

in natural frequency and anpliitude of vibration and a change in the power
inout to the testing machine, However, these methods all s=em to iadicate
the initiation of slip or damege and the change comes some time before the
initial visual observation of a crack.

leferences: L0, L1
5., X-rav Diffraction lethods.

Chances ol diffraction pattern have been noticed during the damaging

a2 metal and during the formation of a crack as mentioned in the text of



L5,

the thesis (page20). This method discloses chnanges of atomic dimensions
if changes in the pattern are correctly interpreted.

feferences: 19, 20, 21, 22, L2
6. Supersonic iethods.

In thnis method sound waves are sent into the metal being tested.

Any flaws in the materizl wili reflect these sound waves before the remainder
of thewaves 4 reflected from the end of the specimen. Actually this is
the sams principle as was used in Asdic and Haedar during the war.

The s.zllest hole determined in this way was one of 0.005 inches
in diameter at a distance of three inches from the end ol the specimen.
However, a lamination of 0.,0001 inches will give a reflection but this
lamination must nave considerable area pervendiculsr to the nath of the
waves.

Reference: L3.
7. Visual and kicroscopic kethoas.

Since this was the method adopted, it 1s discussed in greater detail

below under kiethods of Ohservation.

Methods of Observation

1. Electron liicroscope.

This method oi examination was not investicated closely because it was
felt tnat during the early stages of the investication such precision was
not required and because special techniques and equinpment were required.

It is expected that several specimens will be given to a competent operator

for examination early in the investigation in order to determine the

possibilities and limitations of this tool.
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Little need be said about this means of observation for the chsracteris-
tics and capabilities of the wmicroscope are well knowm. Lucas has reported
8
the observation of a crack of U.00U1l inches in width,”  but this was only
obtained with great difficulty and the use of special equipnent.

In this investigation, it is desireu to re-examine tne specimens,

pernaps man: tizes each. In order that no cnange wizht take place in tne

material because of the examination, most of the ailds to aetzction are

jork

o,

eliwinateda. Anything applied to the swrface of the specimen woul
its way into the cracks, causing chnanges in the later behaviour of the
specimen. Also, since tne specimen is of irrerular shape, magnetic means

cannot be useu., L-ray diffraction msthods could be used out, in spite of

znsive equipuent, they woula not add greatly to the results which
coula be obtained by microsconic exanination. Tnis means that cracks should
be detectea by visuval and microscopic examination. In order to minimize the

tedious searching reguired, the speci.ens are so0 shapea that the critical

ioum consistent with

area in wnich cracks are expected 1s reduced to s

not introducing any serious sitress concentrations.

con laboratory investigation of polishing and etching methods for

microsconic examination, it was found that the polishing and etcring of a

snecimen changeo the nature of the crack. Frolishing tends to "burr" the

edges and fill in the crack wnile the etcning tended to eat away tne edges

wrovably deeper. Thus it was cecicea that,
for at least the first staces of tae investigation, the specimens would be
polished and etched beiore it was placed in the machine and to carry out

detection and examination by means of the microscope, using nowers suitable

for the size of crack being looked for.
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