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The Nucleation of Cracks in High and Low Strain
Metal Fatigue - H. McArthur, M.A.{Cantab.), A.Inst.P.

The thesis reviews the literature concerning the high and low strain fatigue

which is pertinent to the nucleation of cracks during cyclic stressing.

The methods of investigating the crack nucleation process are discussed with the
disadvantages of each method stated., The thesis deals mainly with the examination
of the cracks by surface replication and electron microscopy.

A direct carbon replica technique is described which allows the results of
macroscopic as well as microscopic deformation to be followed during both low

and high strain fatigue. The microscopic deformation (slip) produced an overall
macroscopic deformation producing an undulating surface topography with accompanying
grain rotations and displacements. The steroscopic electron micrographs

prepared from O0.F.H.C. Copper subjected to fatigue at room temperature have

shown that the grain boundaries slip at their common interface at the surface

when subjected to a cyclic shear straiﬁ. This grain boundary slip is accompanied
by grain rotation as detected by % R scratches,used as surface markers.

The degree of grain houndary sliding (at the surface) increased either with

runmber of cycles or with increasing strain amplitude. As grain boundary sliding
is detected in both high and low strain fatigue it is suggested that there is only
one mechanism by which a material fails under a cyclic stress. A dislocation
nodel is put forward to describe the unidirectional strains built up during fatigue
and to describe both the movement of blocks of materizl within the slip band and
the observed grain boundary slip at the slip band/ grain boundary interface.

The stereoscopic pairs give a very useful guide as to the high stress concentration
which results from the boundary deformation processes, and this can be compared with
the comparative large radii of curvature resulting from the transgranular topo-

graphical changes associated with the extrusion/intrusion Thenonmena.

The results of the thesis disagree with recent published theories, and reports

upon the effect of surface remocval from fatigue specimens prepared from creep tested
material which contained intergranular cavities. Fatigue specimens prepnred from
this material could not give a prolonged 1life by the removal of surface layers by
electropolishing, indicating that subsvrface cracks might be capable of crack growti.

This agrees well with the results of surface removal from rfatigued powder compacts.

The dislocation model developed for the fatigue process can be applied to this later

v

result with success. o =
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0.0 Introduction.

With the advance in technological application of materials in

the field of high pressure vessels, ballistic missiles and high speed
agircraft, the incidence of failure by fatigue has become increasingly
apparent, Whilst the crack nucleation stages in low strain fétigue
have been extensively examined, the high strain, low cycle region ( imposed
by mechanical or thermal means e.g. the start up of standby generators) ‘
has been given only passing interest.

It was decided initially to make a thorough investigation into
the mechanism of crack nucleation in high strain fatigue (mechanically imposed
and later as the work on this facet proceeded, with the aid of new techniques
of surface examination, the work was extended into the re-examination of
the crack nucleation in the low gtrain region. Previously published
work on crack nucleation has been critically examined and reappraised in the
light of the results obtained from stereo electron mierographic
examination of 0.F.H.C. Copper specimens which had been subjected to
a programme of high and low strain fatigue cyeling.

A specific dislocation model is proposed which is believed to
account more satisfactorily for the nucleation of fatigue cracking, The
dislocation model can be applied to account for the formation of subgrain

boundaries and kink boundaries which may be formed in fatigue,

Vi



.0 Historical Aspects of PFatigue.

Early in the 19 th century a form of brittie fracture was
observed in good quality ﬁigh ductile maferial, at a stress which was well
within the U.T.S.and‘zgtzrentlf did not produce any plastic deformation,

It was soon observed that this type of failire only resulted if the
material was subjected to a cyclic stress and after lengthy periods of
service., It therefore became a theory that the material “degenerated", or
fatigued under the action of a ecyeclic stress and its duetile structure
became brittle.1

Early experiments of Bauschinger2 showed that there was
no difference between the tensile strength and the percentage elongation
of the original materisl and that of a samplg taken from the fractured
component, Thus his experiments showed that there was no "degeneration"
of the crtal lattice upon cyclic stressing, & conclusion which hasalso been
reached by Alden and Backofen using single crystals of aluminium.?

The fatigue process can be considered as either a ductile

fracture in that the total strain summed jrrespective of sign is large, or

as a brittle fracture in that failure occurs with little or no elongation,

1.1 Engineering fatigue

In engineering design, the strength of a material is usually
defined as the static tensile properties. These properties are determined
from a small specimen of material in a static tensile test.

Structural members are traditionally designed so that the
maximum stress encountered is no more than § of the yield point, the
portion A-B fig 1a, represents the safety factor in statically loaded
structures, However if the structure is subjected to repeating,loads,the
possibility of fatigue failure must be considered. The properties of materials
under cyclic loading can be determined experimentally, the results are
represented on a S/N‘curve.fig 1b, Eacthoint plotted refers to one test
result and represents failute of the specimen at that particular stress.
Where no failure results, the point plotted is represented by an arrow. Two
types of fatigue curves are obtained, type A typical of metals with a b.c.c.

1



structure, and/or a metel which exhibits strain apeng and fype B, which is
typical of metals which have a f.c.c. structure.

One of the pecularities of the determined S/N curve is that all
modes of gtressing the materisl (push—pull, torsional, and bending )
produce the.same type of curve oniy displaced vertically such that their
fatigue limits are different 5. The fatigue limit in rotating bending is:
lower than that obtained from push-pull 5. Furthermore, the slopes of these
curves are to a first approximation independant of the prior heét treat-
-ment. In these cases the fatigue limit is raised as the U.T.S. is raised.
For all materials the S/N curve has been divided up into two regions
called HIGH STRAIN or LOW STRAIN fatigue. The region of demarcation is
considered to be 105 cycles, As more work has Been performed on léw.

strain fatigue it will be the convention throughout this thesis to refer

to low strain fatigue .aimply as fatigue,

1.2 Relationship between U.T.S. and the fatigue limit

Many attempts have been made to relate the fatigue strength of
of steel to either the U.T.S or the yield stress or elasticity in the hope
that the expensive fatigue tests may be avoided, This has so far not
been achieved, but a very rough correlstion has been found in certain casés

and is : Fatigue limit at 10 6cYcles 0.5 (6 )
U. T. S. * (7)

0.3

for Aluminium 4 % Copper
precipitation hardening
alloys.

A true S/N curve should always be used to confirm any application.

1.3 Plasticity.

Fatigue failure only occurs if the material exhibits plastic

deformation8’9

and hence it may be argued that the phenomena of fatigue
cannot take place without slip, which reveals itself as a slip step on the
surface,being a surface manifestation that plastic deformation has taken

place,

. . -7 !
The slip step produced by fatigue is 10" 'em, 10 compared with
-0



10-5 cme produced in a static tensile test;and up to 5 % 1ife in the

low strain region, the slip 1lines are straight and evenly distributéd in
the grain, The slip lines are fairly sharp as they have been formed by
an avalanche of dislocations1.1 After 5% 1life the slip lines cluster into
bands,which are characterised by their width and non uniform .distribution

throughout the grain12’13' 14

and are seldom ovs:rved  traversing the
whole length of the grain at any stage in the fatigue lifel5 The baze to
tip heigat of a slip band i1is & to 7 p,16 a factor of 10 greater than
the depth of field of the ° "optical microscope (0.2p) at a magnification
of 2,500 x., The gtresslevel of the fetigue test influences the apacing
between these bands 16 which are often referred to as fissures17, Thege
bands are thought to be softer regions181n a work hardened matrix, such
thaet the slip formed on subsequent cycling takes place in these bands,
giving rise to no displacement of a scratch which is at right angles to

15

the band “fig 1c. In a static tensile test a scratch is displaced across

the slip trace fig 14, which suggests that slip is initiated in new planes
as a result of the unidirectional macroscopic deformation 15.
The dislocatlion sources giving rige to these slip bands
are thought to be deep seated17 but this fact does not agree with the
silver print out experiments of Forsyth’q
In high strain fatigue the surface becomes very rough +20p 20
and the deformation becomes more uniform and evenly distributed in the grains

as the strain amplitude is increased21. The slip now traverses the length

of the grain and there 1s 1little fissuring21.

_;9 Surface removal.

2-24on the periedic removal of the surface

Barly experiments2
layers resulted in an extended fatigue 1life of the specimen, Since these
experiments ﬁere performed in rotating bending, it could bde argued that
the beneficial results of surface removal would not apply to cases where
the specimens were uniformly stressed, e.g push-pull, It has been

subsequently shown that  the beneficial effeects of surface removal are

B



14 5,26

obtained in push-pull tests in both low ' and high strain®’? fatigue

and Summers workzsindicates that the crack nuelei are about 00,0001 in.
(2.5p) deep after 100 cycles (20% 1ife}.
As the fatigue life is increased by surface removal, it suggests

that the Mz&a.nsonz'7

- Coffinzarelationship {Cp N2 - constantj applies
to surfaces rather than the bulk material.

2.1 Persistent slip bands,

If the fatigue crack is initiated in the surface layer (< 10pn)
it would be very quick and easy to detect a crack with the optical
microscope 1if the surface irregularities were within the depth of field
of the microscepe *1.4, Thompson et.al14 were the first to distinguish
between the slip features leading to crack nucleation in the striations and
the more general slip markings which take little part in the nucleation
of the;crack. By the electroiytic removal of %p from the surface , the
gurface roughness was removed which made some slip bands invisible
whilst others became accentuated and these were called "persistent"
glip bands. These persistent slip bands werquund to be the origin of the
fatigue crack as they penetrated -deeper into the material with inc%easing
number of cycles.'This accentuation of the slip bands t¥ electropolishing
methods could be due to a complex electro-chemical reaction with the
regions of distortion at the band frontzg The term persistent is
a misnomer 30and has no‘bearing on the fact that the dislocation sources

7

are thought to be deep seated1 * 1.4

In the region between the persistent slip bands , ‘termed slip-

less 11’16’, the surface exhibits corrugations16'31’ which are accompanied
2
by high lattice curvature16’31. This is absent in single crystalsé

During the later half of the fatigue life it is possible to
detect =a crack14’331n the persistent slip band py the application of
a tensile- stress, In these cases the degree to which the crack opens up
will depend upon a) the crack or persistent slip band depth
b) the crack or persistent slip band length,

Forsyth& Stubbington 33concluded that this method does not show that

4 4



cohenion ia loat acrouss the intrusion in the persistent slip band, as slip
lines are often observed at the intrusion edges.

2.11, Persistent grain boundaries,

1
Little mention has been made of grain boundary damage in‘fatigue’j.ﬂ'_37

Wadsworth et.al.14

showed that the grain bourdaries in copper played an

important role in the early stages of fatigue,as they prevented the sliﬁ

bands from invading the adjacent grain-boundary. Smith35 showed with tlhe repeated
electropolishing of Aluminium, that the grain boundaries could be brought into
relief in the same way as persistent slip bands. He was able to show that

the grain boundary was often as deep s , and in some cases,deeper than the
transgranular damage,

Persistent grain boundaries and persistent glip have not been reported

in high strain fatigue.

.2, Slip line characteristics, stacking fault energy.

Slip lines are often spoken of as being planar (i.e. two dimensional
and characteristic of a low stacking fault alloyJ and wavy (three dimensional
and characteristic of a high stacking fault alloy ). The transition from
planar to wavy glip is temperature dependant. *3.1

A factor influehcing the nature of the surface topography which
developes during fatigue is the degree of wavy slip. The detrimental surface
topography is more easily formed in high stacking fault alloys, and thus the

fatigue resistance increases with decrease in stacking fault energyb:s'd'1

4

The crack initiation theories of Mott 2hav.e agssumed the importance of

cross slip. Later experimental work on materials which do not show cross slip

have been impossible to fracture by cyclic stressing?3'44

.3 Extrusion and Intrusions.

45

observed the extrusion
46
of a thin ribtbon of material from the slip band, and when Forsyth and Stubbington

In the study of partially aged Al-4Cu, Forsyth

found that an increase in the temperature of testing produced thicker ribbons,

the over-ageing mechanism for their formation seemed substgiiated. However since

47=-49 iron?C

then,extrusions and intrusions have been found in pure metals ’

\
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21 48

stable alloys™ and at 4%k *°, calnan et.3151have observed them in static

tensile tests,
Since acfivated diffusion cannot take place at 4°K, several

mechanisms have been postulated for the’ extrusion formation,the more notable

being Mott's cross slip mechanism47 and Cottrell and Hull's method of

intersecting slip planes4?Neither mechanism explain the formation of the

44 43

extrusion/intrusion phenomena in materials "which exhibit only Dbasal slip,”

or where cross slip is difficult4?

2.4 Internal damage,

By using crystals of AzCl which are transparent to light Forsyth19’52’

was able to show that-internal voids were not formed
at the base of the intrusion,which confirmed earlier observations14of the total
absence of subsurface damage, These results are in complete contrast to those

15

who claimed that cracks or'pores'31 could exlist which were
53,54

of Wood and Bendler
wholly internal. There is some evidence that internsl damage can be nucleated
at second phases which are present in the sub-surface layer ( about 0,025 in.
600 p).

| Although the study of the damage ahead of an intrusion is
complicated by the tendancy for the juxtaposed surfaces to undergo cold

reweldment55with the possibility %E the entrapment of air19

s it i3 a widely
held view that there 1s no internal damage .

It will be shown laterthat internal damage *4,42 can also arise from
the prefereﬁtial chemical attack56 at regions of high dislocation density when

(*4.4)
taper-sectioning ‘methods are employed for the examination of subsurface damage.

2.5 Internal stresses,

The atability of the internal stresses produced by the various modes of
testing can be investigated by step-wi se annealing experimentg? The stored
energy released can be correlated with other physical properties. Considerable
differences between the specimens tested in fatigue (High and 1ow) and st;tic
unidirectional tests were found, In the high strain range , the majority of
the energy was released by a recovery process and little by recrystalisation,

whilst the reverse was found for material deformed by the static tensile testsa



even Lhough g & Xrn{ asterisms *2.8 produced by these two modes of testing
were identical . In the case of low strain fatigue th= energy is
released by a recovery process which continues up to 90000 (for O.F.H.C.
Sopper), indicating the high stability of the dislocation structure
formed. This internal dislocation structure can be examined by thin £ilm

clectron microscopy (f.F.E.H. *2.7.)

2.6. Surface stresses. i

The fatigue strength of a component depends a great deal upon
its surface condition. The fatigue life is increased by smooth stress free

58

surfaces”,” and by residual compressive surface strains, and reduced by
rough surfaces (stress free) or residual tensile surface strainsso’ﬁg.

Thus the following processes increase the fatigue life beczuse
they introduce a compressive surface stress s Nitriding, Carburizing, Light
grinding,Surface rolling, Flame and induction hardening.

The following processes lead to a reduction in the fatigue life
Decarburization Heavy surface grinding.

Similarly a static tensile stress superimposed upon a cyclic
gtreas reiluces the fatigue life,whilst a static compressive stress super-
imposed upon a cyclic stress increases the fatigue life.

In high strain fatigue the above parameters are not so
important because in this case,the plastic strain is larger than the
elastic component and this results in a high strain fatigue cycle about a
new mean strainj i.e. If the c¢yclic strain is +e1to —e2 ¢+ the ¢yclie strain
range isﬁgﬁ}+1e§} about & new mean as an arbitary zero. (el is the tensile

strain and e, the compressive strain. )

2e7. Thin film electron microscopy. (T F.E.M. ).
61
’

Some of the earlier work found no correlation between the

internal dislocation structures and the persistent slip bands because

these observations were not near enocugh to the spescimen surface.

Later experimental technique362-67showed that the persistent
' ; : : ; sy 2,63 .
slip bands were regions of very hizh dislocation densltles6 'Y forming

&4,65,69.
a ladder like structure giving rise to subgrains. This dislocation

structure was only relatedﬁto the persistent slip bands in the surface
3366

layers , estimated at 10 p ! which is in agreement to the slip band
nenetration determined by electropolishing methodsl4.
. i b7, 6%,
The fracture surface has been investigated and in the

later work?Tsingle crystals have been used. Precautions were takesn to vrevent
the fracture surfaces from coming into contact with each other on the
compresaive ch1§7 The examination of the fracture surface by T.F.E.M. has
substantiated earlier work that the fracture surfaces are composed of many

&8
subgrains of tp dlameter671ncrea51ng to 1}1 at 4 }x from the fracture
surface .

-7-



In high strain faticue the whole of the specimen is composed of

71

a cell structureTO, whose dimensions depend upon the strain amplitude’ ™.

2.80, X~ray investigationa.

X~rays arc diffracted from fine grained randomly orinntated
polycrystalline material to give rings of uniform intensity..Coarse arained
material gives rise to spoity rings (discrete spots on a faint
ring) whilst a material with  preferred orientation will give rise to arced
spots, olongnted in the cirecumference of the rings in which they arc placed.
The apots constituting the rings may be broadened in a radial direction if
the grain size ig less than IOOOQA72L Any deformation in a fine grainel
material leading to misorientation within the grainé will produce line
broadening or x-~ray asterisms. %*6.21. 13574 75

in static tensile and high strain fatigue tests there is
considerable misorientation,which is found to depend upon the strain
amplitude. Little or no misorientaton is detected in low strain fatigue.TB
Moller and Hempel report that after fatigue testing the removal of +3mm.
of the surface restored the blurred X-ray reflections to their origin&l
sharpness, which is in agreement with Fourie7? who found that the surface
layers of astatically deformed crystal produces a greater degree of asterism
than ig obtained from the centre of a crystal. This asterism is not
necessarily the indication of '"turbulent nl5 plastic flow on the micro scale.

Taira and onda 7G—Trare attempting to use the degree of line
broadening as a non destructive method of estimating the fatigue life

78,
left in a cyclicly stressed specimen.

2,81 Subgrain formation

The X-ray asterism *2,8 within the surface of a grain is

75

explained by the formation of subgrains which are a pre-requisite for
ductile fracture.llolden ¢t claims that a crack is non-propagating if the
plastic volume at the crack tip is contained in one subgrain and the tendancy
to form subgrains increases with the stacking fault energy.Tg ¥2,2.

The mechanism of crack forma:tion therefore appears to be the opening up of
the subgrain boundarie367(*6.21 *2,T7) rather than the renucleation of a

crack8o(termed "pore" 31) within the matdix.
‘.

2.9. Effect of atmosphere.

Any agent which affects the surface of the material will to

to some extent influence the nucleation stage of the fatigue crack, and also

the propagation rate of the crack by preventing the cold reweldment 'of

55

the crack interfaces in the compression cycle”~.

81-83

The early experiments showed that the fatigue life of most

metals could be increased by the exclusion of zir. Later tests have
indicated that the shorter fatisue lives in an atmosthere are a result of
8 B



the increase in rate of cerack propagation or g:c-om:hag-85 as opposed to
crack nucleationBG. Some work has been performed in a vacuum83-8§ and with
traces of inert gases in order to distinguish between several proposed
models and theories. In order to differentiate between the proposed -
mechanisms, lower pressures, different strain amplitudes and higher
frequencies are reguired. If chemical attack of the highly stiressed
regions is the underlying mechanism, then there should be a pressure low

89

enough at which the damaging atmosphere or ion ~ cannot "diffuse" down
the crack to the crack front in the time taken for the specimen to undergo
the next half cycle. Such pressure / amplitude and frequency effects have
been obtained for lead :86488.

The effect of atmoshare on high strain fatigue is small65

.

27,%5 , s 99
and many materials obey Coffins law better in a vacuum then in air.

2.91 Effect of freguency.

Due to the time consuming nature of obtaining a complete S/N
curve, it is often necessary to obtain results quickly by inereasing the
speed of cyclic stressing. In general high strain fatigue tests are
undertaken with a cyclic frequency between 1 and 10 cycles per sec.

Low strein fatigue tests are subjected to frequencies between 100 and
10,000 cycles per sec.

In 1950 the A.5.T.M, Committee formally gstated that there was

no frequency affect up to 1 ke/s on pure metalssf'(neglecting atrain ageing

alloys). Since 1950 several investigations 91-93

have been undertaken which
indicate that the fatigue 1life is enhanced at higher frequencies and this
is more marked in the adsorption sensitive range 89.

In tests at elevated temperatures the higher frequencies lead

to longer fatigue lives 94'96.

The affect of frequency is more marked in high strain fatigue.

Increasing the frequency tends to give better performance, but thisg is
Q!
more marked on some materials than others .

2.92. Effect of temperaturc.
2.921. Annealing during the faticue test.
97-99

The early experiments on removing the latent damage due to
fatigue cycling by annealing were carried out at K)%Iife and after the
onset of the severe surface topbgraphy %#3,1 and did ngt result in the
expected inerease in the fatigue life unless very high tempsratures were
used99. The later experiments of Alden and Back@fen 3 have shown that an
increase 1in life is achieved if annealing is carried out at 0.01% life.

Annealing tests have not been performed in high strain fatigue.

-9~ _ 9



2.922, Vifect of tect Temperature.

In general the fatiguestrength of a material increases with
decrease in temperatures‘. This increase is no more or no less thuan the
increase in the static atrength of the material with decrease of temperature.

In view of the evidence pointing to the carly stage of crack
nucleatinn *2,921, it is surprising that the fatigue specimens do not show a
brittleness due to the severe notch produced durins the cyelic life at

103

low temperatures. McCammon and Rosenberg have shown that <he famnily of
S/N curves at different temperatures have , to a first approximation,
identical slopes. This suggests that the fatigue mechanism operstes
efficiently at all temperatures from 4°K to 300°K. This fact alone is thousht
to rule out the suggestion that the fatigue crack may be vacancy initiatedsgl

104

However Dieter suggests that fatigue-failure at room temperature is
aided by the generation and condensation of vacancles,because the fatigue
strength decreases with increase in temperature at a greater rate than
does the tensile strengthe This vacancy theory must be rejected on the
following grounds:

1). The fatigue life is incrcased indefinitely by the periodic
removal of the surface layers *2.0., This assumes tﬁat plastic deformaticn
takes place uniformly across the cross section of tho specimel4* 2. 080,

2). The slip band appcarance in copper at 4°K is much the
same as the slip band appearance at room temperature49 suggesting  that
the fatigue,damage results from the passage of dislocations rather than the
accumulation of point defects.

3). Nucleation of the fatigue crack is very early in the fatigue
life of a specimen as shown by fracture experiments in liquid air 105.

4). Theorectical considerations on the vacancy diffusion in =z
tensile test indicates that any voids formed will be situated in the orics

of the specimen rather than at the surface .94’106-109'

2.923. Temperature rise due to lattice friction.

b
Culculatiqns have been made on tho instantaneous heat flashes

100-102

in a slip band at room temperaturc in order to account for the

phenomena of over ageing in some zlloy systems. * 3.02. The calculated

102’ 1000100, 10000161,

vhich last for about 1 micro second at the speeds considered. At 4°K .

rise in temperature (for 3OOOK tests) is about 2°C

assuming the zame derivation, and substituting the specific heat at 4°K, (a
factor of lO3 lower than that at room temperature) and thermal conductivity

{ a factor of 10 higher at 3°K but reduces as the temperaturc rises above 4°K}
the tenperature flashes are&2x102 to%lOOxlO2 i.e.2200°2 nndSIO,OOOOC asting
for 1 microsecond. Fven with these hish temperature flashes the vacancies

would not undergeo many jumps hefore the thermal spike was over.

~10=
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2.924. Patirmue at elevated temperatures.

Patigue tests at high temperatures have been for design

94.110-113

information and only recently have observations been made as to

the basic mechanism which has features in common with creep. * 4.8.°

3,0, Toint Defects. ,
Early work 57'114'in fatigue could be explained on the

assumption that point defects were produced in fatigue. Seitzn5 had

suggested that jogs on a moving screw dislocation could generate poinf

defects, and later it was. shown 116.that there was a greater density change

for a specimen subjected to a cyclic stress than for a static tensile test}ls
The theories 58’117'106’postu1ated that point defeocts

concentrate in the slip band and cause "&egeneration of the erystalline

order" and hence cracking. *1.0 *%2,922,

3.01 Hardening. '
The point defect5118 formed in fatigue harden the matrix18’119

between the glip bands rather than 'soften' the slip bandlle. Siﬁgle vacancies
are reported to cause 1itt1é oT no hardeninglzl'lzo‘whilst clusters of.10

to 100 cause an increase in the yield stress%21’122’ and clusters of 100

to 1,000 may be just resolvable in the electran microscope. 123 - « *2.7.

The mechanism of hardening by vacancies has bsen the subject

of muech discussionlzo’121’124’1253

3.02. BEffect on precipitates

The effect of plasti: deformationt26~129-
129,132

and fatigu9131—132upon

the diffusion rates at various temperatures has been widely reported.

Alloys strengthened by precipitation are mechanically unstable

133 136

under a cyclicly applied stress. The reason for this is under roview,
and it would appear that the most likely explanation lies in the dislocations
cutting the precipitates to below their critical size for stability.134
Therefore the precipitates would dissolve, called “reversion, at room
temperatures. At high temperatures however, where the rate of diffusion is
higher, the precipitates would grow (becaiise the rate of growth would be
greater than the rate of solution or reversion ) and " overageing " takes

place.

3 .03, Effect of fatigue on a subsequent creep test.

A fatigue hardened material has a superiof creep resistance
than a non hardened specimen.l35 This statement only holds if the creep
strain is large. If the creep strain is small, the creep resistance of

the fatigue hardened specimen is low as might be expected on fundamental
grounds of cyelic stressing producing vacancies.13 *3,0

~11~ ’ .
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3;} Measurement of Ilardness.

It is not correct to measure the micro-hardness of a metal, which
has undergone mechanical deformation, by means of‘indenters, gince the;
hardness of steel is greater when gstrained in'compression than when
gstrained in tension.137 In fatigue the hardness of the specimen 1is
determined by the stress required to impose the next fatigue cycle in a
constant sitrain cycling test,l38 and therefore the hardness is independsnt
of the residual surface stress.

I% is found that fatigue cycling after a certain fraction of
the life (represented by the point X in fig.le ) ceégss to cause strain
hardening and is referred to as ‘non hardening slip: This point X
on the hardening curve is accompanied by the clustering of the slip lines

into bands *l.4 3’138'. The depth of these bands are no greater than 10 pl%8£%4

and the ratio: ‘ e e~
Volume occupied by the slip hand

The volume of the specimen
indicates that the hardening cannot be due to the processes leading to the

formatidn of persistent slip bhands. # 2,1. The rate of hardening and the

occurrence of slip bands depends upon the stacking fault energyf* 2.2)and

3540

the point X represents the onset of cross slip Several other

99,141

have been put forward but the most important point

is that the fatigue damage can only be removed by annealing3 before the onset

interpretations

of the non hardening strain (point X) and as such may be considered as the

beginning of ‘crack nucleation,

.11, Difference between fatigue hardening and cyclic hardening,

FPatigue hardeﬁing is produced when a fatigue test is conducted
under constant strain amplitude cycles, whilst cyclic hardening is
produced when a fatigue test is conducted at constant stress cycling. This
is significant as under constant stress cycling few additional slip
planes are activated on the termination of hdrdening. With constant strain
amplitude however, new slip systems must be activated because as the
specimen hardens, so the stress increases as a result of the imposed strain

amplitude.139

3.2 Work Softening.

Cyeclic stressing affects previously work hardened meta133 in

different waye, depending upon the amount of »prior work hardening and the

T1

cyclic strain amplitude ™, Cyclic stressing of annealed and cold worked metéls

to failure results in a characteristic cell sizaTl, hardnessl42and gometimes
1 s
44,wnlch are dependant upon the strain a.mplitude.71 Thus a

metal strain softens if its prior history leaves it with a smaller cell

hysterisis loop

structure than the characteristic cell struéture to which it would transform

upon fatiguing. . _



3.3 Summary. ‘ . : .
B Cycllc etreseing is equlvalent to a greater state of thermal
activation. Diffusion rates are 1ncreaeed and complex metallurglcal
changes'tekexiace within the slip bands. For metastable solid solutions
preeipitatlon takes place, whereas for dlspersed rhases, - re-solution
. occurs wlthin the slip band. ' N

For pure metals, the p01nt defects diffuse from the slip band
thereby‘increaeing the mechenlcal properties of the meterial as shown by
the application of a tensile ‘stress. Theefatigue procese'may be divided-
into three sections t S : N

3.31). Incubation perlod. Concerned with the ehange in the

mechanical properties which reeult from changee in the bulk of the
material These changes are independani of the orlentatlon of single
cnystals,sand the grain size in polycrystals ,when subjected to low straln
fatiguef These variables are important if +$he mater1a1 1s subjected to
hlgh strain fatigue.

3.32). The nucleation stage. The nucleation of the crack is
6365 ,

This thin surface layer has a large
146-18)

concerned with the surface 10 31
influence over the mechanical properties Crack initiation may
develop at reglons where the applied strain is concentrated, tﬁe most
likelf.being at~ intrusions, surface ineiusions, non deformable seeond
phases, twin boundaries and subgrain boundaries or whereﬁer . a discontinuity.
of slip or slip direction occurs. ‘ |

3433s Crack propagation.

Once the crack is initiated, the initial propagation of the
erack is ﬁerallel to a slip plane in which the critical resolved shear
stress 1s exceeded. As the crack moves to the adjacent grain, it.follows
the_elip band of that grainl51.'Metallographicall& the slip lines are

shown as fine lines which do not open out .yith the application of a
. Y

tensile stress,whercas a crack does open™ . This slip plane dependeance

is characteristic of the earliest stages of cracking, as subsequent crack
growth is transgranular, without anj dependance upon the sglip plene +« The
former mode of cracking has been designated STAGE 1 by Foreyth 151

the latter stage is the onset of STAGE 2.151

s and

The growih of the crack in stage 1 is very elow and when it
reaches a grain boundary , its growth may be arrested if the orientation
of the slip bands in the neighbouring grains are not favourable for
propagation. These crackeAare called non propagating cracks, and a crack
is estimated to spend 50 % of its life in this state.;51

Cnee the crack reaches the 3Stage 2 mode, in which the crack
is progressively opened by the application of the tensile half cycle,it
may steadily move across grain boundaries and therefore assumes a.
characteristic transgranular nature, which is typical of the fatigue failurec.

=13~ 13.



e cric. srows ~lving rise to M ripples nt2& on the fractyre

aurface. The factors which control the crack growth per cycle are’

complicated and so far unresolved.

3,34, Orack propagation in high strain fatigue.

Crack propagation (and nucleation) is mostlyhintergranular
in high strain fatigue. _
4,0, The fatigue machines used in this invegtigation.

4. Cl., High Strain.
The high strain fatigue tests were carried out in a Porrest

179

Lending Tatigue machine ¢ and is described below.

The method of operation is illustrated in fig 2 a which is a
line diapram of the main features of the machine. The specimen {a bar
7 "x £%x ;" ) is clamped between two shafts B and D which are rotated
through 2 known angle © in opposite senses, but in phase with cach other. i.e.
the neutral line pf the specimen BYD i1s caused to osecillate through an angle
6 to BCD and BGD. The shafts are driven as follows. A motor drives through
a worm gear box which has two output shafts which rotate in opposzite
directions. Long adjustable connecting rods HX and 41 transmit the drive
from the eccentrics to lever arms rigidly fixed to the shafts Band B
by a largse section bar fig 2%b s The eccenirics have an adjustment which
allows @ to be varied from O to 32° about the position BYD. As the specimen
bends to 3BCD the chord length EEE} decreases, and to accommodate this the
shaft B is fixed and the shaft D is mounted in a linear ball race to allow
free horizontal movement. The test may be stopped in any position in the
fatigue cycle by tripping the mieroswitch near the shaft D.

To measure the surface strain of the svecimen a spherometer is
used. The bending moment at any time in the test may be determined by the
load meaguring device incorporated in the connecting rodé. This consisfs
of a compound strut composed of two members held in a pre-bowed state such
that o compressive load tends to increase the bow and a2 tensile load to
decrease the bow. The deflections were measured by means of a dial
gauge reading to 0,0001lin. This fatigue machine is a constani strain

machine .*3,11.

4.02. Low strain.. Avery machine.

The low strain fatigue tests were performed in an Avery '
vending machine (fig 3 a) which is produced commercially. This produces a
bending moment on a specimen AB (machining details fig 3 b) by means of
an eccentric cam § fig 3 a. The specimen is held at the other end ty
means of a callibrated apring D which is made to extend and compress as
the eccentric cam rotates. The bending moment is obtained from disl mauzes
incorporated on the machine. This machine, although it imparts a constant
deflection through the cccentric cam; is not a constant strain machine,
because this constant deflection is cushioned by the spring D. It is

therefore neither a constant strain nor constant stress machine. #3.117.



4,021 Schenck lMachines

The fatigue programme on naterial, later creep tested ¥4.8, was
conducted on a Schenck pulsating machine fig 3 c¢. This machine imparis a
push - pull stress cycle to the specimen ( machining Qetails fig 3 d )

The eccentric cam imparts the push pull cycle to the specimen
grip X which is kept horizontal by the parallel guides k. The other end
of the svecimen is fixed to a dynamometer to which is attached a small
graticuls . The optical microscope is fixed to the rigid end of the
dynanometer and is focussed on the graticule. The eyepiece of the microzcope
contains a graduated sdale, and by the means of callibrated charts, the
avplied load iz measured. The machine,although it imparts a constani
deflection to the specimen through the cam 4 is not & constant stres or
constant strain machine because the &ynanometer zcts as a spring obeying

Hookes law.

4.03, The material

—ny g

The material used in this investigation was 0,740 Cooper
containing s Oxygen 3.0 DpeD.ms by whe

Hydrosen ) Pep.m. by wt.

Hitrogen trace.

The material was in the form of 13" diameter soft tempered
rod. The specimens for the high strain fatigue programme were bars of
size 1" x é%‘ x &-” and for the low sirain fatigue vrogramme the material
was machined to the dimensional details'as shown in fig 3. b. The specimens
were electropolished in orthorhosphorie acid *¥4+.04 %o remove the surface
deformed layers, and then annealed at 500°C for 1 hour in vacuum. The surface

was given a final electropolish,

4.04 Blectrovoliching.

Over the period of this investigation, electropolishing techniquesz
have been used’ to prepare stress free flat Tgpfaces. The electrolytes

22,148
s a . 3 L OC .
and compositions available are well documented. In this

investigation improvemnents were made and are desciibed below.

4.05, Orthopohosphoric acid- water BOV/o. This electrolyte was used a2t a

potential of 1.8 v D.C. from a supply described in *4.07. This electrolyte
did not give good results if the ancde was vertical. If the anode was
horizontal it gave good results which could be further improved upon
by surrounding the cathode with filter paper; This prevented agitation of
of the electrolyte by the gases evolved at the cathode. The cathode area
was larger than the anode arca. PooTr . egsults could be obtained from
insufficient washing,which allowed a phosphate film to remain on
the surface. This was best removed by washing in a very dilute nitric zecid
followed by a wash in running water and rinsing in alcohol Ybefore
drying in a current of warm air.

If this electrolyte is used on verticzl anodes, slisht etching

or pittinz is obtained. In elther case the electrolyte gives better results _



if the polishing times are kept short and the specimen washed periodically.

4.06 TBthyl aleohol / conc Hitric acid o0 Y/o. at 0°C

M™isg glcetrolyte was found to be the best for verticul anodes
when surrounded by a cathode of fine stainleas steel gauze. Thp operatiag
voltume was found to be 6 volts. Phe solution was liable to decomposition
(violent in mome cases) 1f induatripl zlceohol was used. 'This decomposition
could take place even il the electrolyfe vas standing im a mixture of
ice and comnon salt. Absolute aleohol is therefore recommended and the
3eriodic replacement of the electrolyte is necessary. .

Poreipn ions, especially Fe2+ cause irregular pitting on the
surface. This is manifested as_etéhing "rogettes” on the surface
of the anode. This could be detected during the polishing operation as
the anolyte layer became granulated and pale blue in colour. The correcct
avpearance of the clectrolyte at the anode should be dark grey or black.
Thiz anolyte resion is a very viscous liquid which falls from the anode
forming a black deposite at the bottom of the bath., To prevent the
contamination of the clectrolyte, the crocodile clips were protected'

with lacomite and dried thoroughly before use.

4+07. The variable D.C. Supply. The circuit diagram for this supply, and

the component parts are listed in fig.4.

4.11. Methods of investigating ecrack initiatione

A single phaszse high purity metal fails by fatigue as a result
of the propagation of cone crack out of many hundreds which are formed on the
surface?o Therefore early observation of the fatigue damage does not 14
necessarily mean that this region will constitute any part of the final crack.
An initial appraisal is therefore directed at reviewins the
methods which are available in the study of crack nucleation.

de12, The engineering approachl4 is to start with a stress raiser at

the surface and observe the nucleation of the crack at the siress raiser.
Thig method has obvious limitations. Thompson et.al.14 started using this
nethod but found that it could be improved by blunting the stress raiser
by eclectropolishing,., This technique was again improved by dispensing with
the scratch and observing the surface after fatiguing by the removal of
2 p from the surface. Hence it was possidle to :~

1). See any surface damage which extended to a depth greater

than "2 po- Backofen 140

used & similar technique and removed 5 R
2). Use the optical microcope in the higher magnification
ranzes as the surface of the specimen was flatter.
3). Remove the slip traces which tended to mask the transgranular

cracks.
"Towever this technique has the disadvantage that free crack

initiation is not being ohserved at the surface, and there is a »ossible
adverse reaction of the electrolyte upon the regions of high dislocation

density *2.1.



4.13. liethods using the clectron microscope.

The electron microsconc has a very high depth of field
approximately 1,000 x the resolving power158’159'. Mence the surface
roushening angociated with fatigue ig well within the depth of ficld *1.4.

Jith a two stage replicn (plustic—carbon)49the problem of post
fatigue nmetallographic preparation is overcome, with the added adﬁantage

that the technique permits the continued observation of a definite area.

4.2, The pidstic replica techniaue.

The renlica 1s prepared as folloWS:lGO

1) a suitable plastic material is dissolved in an organic solvent which is
poured onto the surface to be replicated and allowed to dry. :

2)e a backing application is applied to increuse its mechanical strengta.
3). vhen thoroughly dry the plastic is backed with a pressure sensitive

tape (selotape) and the whole composite is stripped from the surface.

4). The replica is transfered to a carbon evaporator and carbon is depdsited
under a vaccuum of 10_4mm.Hg. To increase the contrast, the carbon

film is high~lighted with a heavy metal {gold-palladium alloy).which is
deposited at a shallow angle (450).

5. The supporzing grid is stuck onto the composite replica and the plastics
removed in their respective solvents.

6}e A positive of the surface is prepared by shadowing on the plastic//
carbon interface whilst a negative is prepared by shadowing on the priof

nlastic/metal interface.léo

4.21., Plastic replicas from rough surfaces.

Examination of the fatigue process with the use of plastic
82,49

carbon replicas to give a negative of the surface ensures that the
crack is easily recognisable. With rough undulating surfaces, the
selotape does not make good adhesion with the plastic in the troughs of the
undulations, and so this plastic is not always removed from the specimene.
This destroys the plastic replica. Cne way of overcoming this iz to
swamp the surface with the backing rplastic to fill in the crevices in the
specimen, thus making the plastic thicker at these points. This however mzkes
the ecleaning of the carbon film a long and costly process. This was attempted
and a redistillation system was built for the specimen cleaning and is
shown in fig 5.
tswory 30782 . . | o
Vadswort found that the revlicas were easier to remove if ihe
tests were carried out at very low strains, thus »reventing the formetion
of a rough surface and algo of desp cracks which " Keyed " the plastic onto
the specimen *surface. Thus YWadsvworth could only examine the surface in low

3train fatigue.

17.



A, Plantic replicas 10T high utrain Fatigues.

.

"ho plagtic replica teehnique *4.2 formed the basis for the
hish atrain replicntion. The koying of the plastic film by the crackn was
reduced by replicating the surface ab maximum tansile strain and the
backing solutions of 2 und 5 4 formvar in chloroform and collodion in
acotone weve used ig 6.)

Ae’ye Mimadvantame of the plagtic-cnrhon method.

Me disadvantagzes of all the plastic-carbon methods is ag follows:
1). Tt iz difficult to ensure that the roeplica is a faithful reproduction
of the surface. In order to help with the removal of the plastic, it is
often béneficial to breathe heavily onto the replica which turns opaque
when the adhesion between replica and metal is reduced by water vapour.
The microdroplets left on the surface often interfere with subsequent

replication e.g. f£ig 11 b ¥

2)s The resolution of the plastic-carbon replicé is limited to the resolution
of the primary plastic replica which is approximately ISOOA maximuam.

3. rhe plastics are often difficult to remove, and the eleciron beam is
inelastically scattered by unremoved plastié.e.g. fig 11 b. ¥.
2. The carben films tend to breazk..due. to the swelling of the plastics
when the composzite is first put into the organic solvents for the removal

of the plastic film.

Q) The venetration of the plastic primary replica into the cracks and narrow
fissures is very poor.

4.24. Chemically stripped plastic replicas.

A programme of work was started to replicate the same area ﬁt
a different stage of 1ife and to compare these mechanicdly strinped renlicas
with plastic replicas removed by etching away the subsurface layers.
It was found thét formvar was superior to fax-film, nitrocellulose in
ethyl acetate or collodion in acetone as it was the only plastic which still
dissolved in itas solvent after long immersion times in dilute Hitric acid.
The clarity of these replicas was pbor due to the undissolved plastic. It
was decided Yo compare the plastic replicas with renlicas of carbon
prepared by the single stage techniquéGOAZ%d by correctly choosing the
prior carbon/metal interface, to prepare a negative rcoplica. Pirst attempts
to achieve this were not successful, because of the small pieces of carbon
Tilm obtained due to the gases evolved in many of the electrolytic or
chemical reactions.

4.25. Bromine in methyl alcohol.

" A 10 % solution of bromine in methanol reacts with most metals
161
1

vithout the evolution of & gmas and thus the resulting carbon films

tol,
from fructegraphic studies are extremely good. For the renlication of the

fatigued surfaces of copper the disadvantage arises from the thidk viscous

products formed which may give rise to contamination or to the fragmentation
of the carbon film during the washihg process.
18,



mhig technique was improved Dy allowing the chemical reaction to take
place over 24 hours with a much weaker solution_( 2 % Br2 in methanol )

which easured that the carbon film was removed from the decpest cracks.
Also it was Tound thut it was easicr to find the correct side of the carbon
#41m nnd the orientation of the carbon film to the stress system , 1if the
surfage of the fatigue specimen was scratched with %Vi(ﬁjmmnd paste before
the apecimen was testeds This also had a beneficial effect as the result of
the plaptic deformaution could be doetected even though resolvable slip

stens were not produced. e.g. Fig 41 c-he and micrographs fig. 30a and 32b.
Several methods of applying the %;p scratches were tried ( selwyt+v%;m
paste:"{leenex tissue"+ %11 paste ) but these were inferior to the

method finally used, of a well washed finger impregnated with ~%}1 dlamond

paste and lubricated with "Hyprez" fluid.

A4.726 The final replica techninue for CHEMICAL striprning.

After electropolishing the surface of the fatigue specimen
prior to fatigue , thé surface was scratched with }}Ldiamond rasie such
that the scratches were perpendicular 4o the zones of maximum critical
shear stress. The specimen was then fatigued. Carbon was evaporated onto
the surface which was then scored into small squares (s diameter of a grid)
anid subsequently removed in 2 % bromine in methanol.(?eaction time 24 hours)
The =zolution was then poured inteo water which diluted the dark brown colour,
normitting the carbon films to be removed on a copper gri& and
transferred $0 o bath of methanol/ dilute hydrochloric acid. These carbon
films tended to curl up such thut the prior carbon metal interface was on
the outside.;n order to straighten the films out and to eliminate folds,
they were transferred to a water bath containing a omall amount of methyl
alcohol, which was added to lower the surface tension. The films were
collected and shadowed at 45 °® to the surface on the prior carbon/metal
interface. i.e¢. a negative carbon film was made.

The scratches were applied in such a manner that they were
continuous over the grain surface and at grain boundaries. In order to
achieve this, particular attention was paid to the electropolishing

conditions *4.05,

4.3 Scanning electrom microscopy. Courtesy Dr. Sumncr U.i.A.T.A. Springfield.

dhilst this programme of work was in hand, a parallel
investigation was performed on the zcanning electron microscope.
A section of & fatigue specimen * 5,26, vhich showed a large number of
tubular holes52 or spikes49 when examined by the two stnge nlastic -
carbon technique,was examined in the scanning electron microscone. The
three dimensional effect produced in these micrographs was most striking
fig T , but the resolution (BOOOA) claimed by the manufacturer was noi
obtuined due to moise,and the tubular noles 52 or"tapered spik8549 ware
not seen,

-19-



‘The elactron microzcope has a much bellor remsolution (L0O=20 R)
than the sconning electiron mieroscope, but the shadowed replicas require
more snecific interpretation. In this interpretation, the eye cannot

differentiate easily between the surface phenomena shown in fip 8.

159

4.1 3teree clectron microscopy.

Replicas may be made to have a three dimensional aspect by using the
nrinciples evolyed from stereo acrial photography. Basically this involves
the photography of an object from two positions subtending an angle of © ©
fiz 9a These photographs are then viewed by means of mirrors or lenses éuch
that the images are superimposed by the brain from which the 3 D perspective
ig obtained fig g b, ' |

In the electron microscope the camera cannot be moved, but the

same effect may be produced by tilting the object normal through 3 to 5
lesrecs of cither side of the electron optic axis fig 9 c. If these two
micrographs are arranged so that they corféspond to the field of
view as seen by the right and left eye respectively and viewed with the aid
of a stereo viewer, a 3 D effect can be readily seen. Several stereo-
viewers are produced ranging ffom £ 10 to £40 but +they basically employ
the same principles as are described below using two convex lenses of
focal length 10 cms, The micrographs in fhis thesis are set out so that
they nay be viewed using the twollénses which must be held near to the eyes
{(in the position where spectacle lenses would be placed, but not instead
of spectacles if they are worn.)} The eyc-photograph distance should not be
greater than 10 cms.fig 9 4 and both photographs should be in focus if the
distance is betweenliéand 10 cme If one lens is moved in a NORTH~-SCUTH
direction the image corresponding to this lens moves in the oprposite
direction (south-north) fig 9d4. . Once the brain distinguishes between the
two separate images and recognises that they correépond to the left and
right eye-lens respectively, it is a simple matter to move one or other of
the lenses in the opposite direction to which the image must be moved to
makxe the respective images superimpose i.e, condition of no parallax.
Once this is done the stereo—scopié relief is evident and this gids
in the interpretation of the negaiive carbon replicas, Using this method it
readily becomes apparent that the two lenses act as a simple magnifying
glass and the visual magnification is raised by a factor of 2.5 to 3.5x that

that of the micrograph fig 9 d-f.

4.32. The advantage of sterecoscopic pictures with particular reference %o

Tatigue. .
The renlicas were prepared by the method outlined in *4.26
The micrographs are set out so that the intérpretation and three dimensional
effects are similar to those which would be obtained if the observer were

situated within the metal surface.

20.



Fig.10 consists of two stereo pairs, and is an attempt to

compare and contrast the additional infdrmation gained from o 3 D plcture.
In fig.10 a, which is a negative carbon film, the carbon Q gives rise to
shadows which in mono view would be interpreted as a micro craék. Hhen l
viewed in stereo, it becomes readily'discernable that these shadowed

points ', Q", RA"' are merely steep ridges formed by the action of slip
adjacent to the grain boundary. Consider Q'"; this appears to have a small
carbon interface which in mono view could be interpreted as the carbon '
replica of the crack, because the contrast conditions are all satisfied.
However when loocked at in stereo it becomes obvious that this carbon film
is on the side of the carbon film away from the plane of the paper, .i.e. it
cannot be a crack, but it is part of the extruded ridge formed by slip at
the boundary, which is at an angle to the carbon film. The boundary is
1,2,3,4, points 2,3, being the points below the  plane of the micrograph
and in air (because this is a negdtive carbon film) i.e. these small

ridges are carbon replicas of a slip step formed by transgranular slip

and- grain boundary slip as shown diagrammtically in fig.10b., Q" is the _
only point which appears to have a small crack associated with the re-éntrant
step, as formed by grain boundary slip which may be detected from the
sterso effect. The boundary is.also shown to have slipped at U and this
slip is associated with little slip in the adjacent grain boundary.‘Alsd

~ shown jn fig, 10 a,is the slip band intrusion G which in stereo does not
appear to form a very narrow crevice as the taper sectioning techniques:
*A.41 have portrayed. Monovision would indicate that the shadowing G is

a result of transgranular crack nucleation. In figlO ¢ the transgranular
vhenomena are shéwn which in steres show that the intrusion may form a
narrow fissure G,but the orientation of these to the surface is not
identical. The fatigue topography can be deteéted by using stereo, and the
small dark lines which appear e.z. G!' are due to further intrusions in

the shadow of the major intrusion. This fact has been shown before in taper
sections *4.4115. ,

In figll a the intergranulér phenonmenon is shown which has
occurred in a migrating grain boundary S'", because there appears to be two
positions of the boundary. These two positions have been detected as a result
of grain boundary slip and the boundary has cracked at A whilst in the second
position of slip 8"'. The overzll macroscopic deformation involving
the surface undulations or rumples and grain boundary relief S$"" can be
readily seen with greater ease than could be detected by the graduation in

intensity due to the high-light shadowing.
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4.33. 3tereoscopic pictures from two stage plastie carbon replicas.

A large volume of work was carried‘out on comparing the results
of carbon films obtained from the primary plastic replica * 4.2 with those
obtained direct from the metal surface * 4,26, Similar resultis were
obtained from both methods but they differed in the depth and acuity which was

given to the crack.

Plastic carbon replicas.

The examination of the final carbon revlica *4.2 by stereo
electron microscopy (fig 1l b,c, ) showed that the primary plastic film
distort=s upon stripping fig 11c., The origin of this distortion is more
clearly outlined in fig 12 a-h.

' The residual elastic strain from the stretching of the plastic
finger causes it to distort still further., These effects are demonstrated
visually in the stereo pictures of fig 1] byc,. Figll'b shows a grain |
boundary with many small cracks { tubular holesl9) situated in the grain
at points & and F . ~ The stereo effect using the plastic-
carbon technique is less striking than the 3_D effect obtained from |
the direct carbon replicas floated off in 2 % bromine in alcohol and is
most likely due to the elasticity of the primary plasfic film., This
effect can be easily demonstrated by stretching a thin plastic sheet
to fracture f£g.a small piece of polythene ), The fracture énds'tend-
to curl and shrink to give rise to a large amount of distortion. If
this happens on stripping,and the evidence is that it does figil e ', an
artefact is produced,as the replica fails to be a faithful reproduction of
the surface. These artefacts can be recognised and interpreted very easily
by stereo vision.

Consider first the monovision interpretatidn of tig 11 ¢ and
in particular the crack A',A".A"'., In mono vision the crack appears
to be in the surface and of length A"A"'. In stereo vision A'A",is the
stretched piece of plastic which was inside the crack.i.e. the replica of
the crack walls; but upon stripping the plastic has stretched and on release
from the surface crack, it has twisted and curled to lie in a north-south
orientation, parallel to the surface plastic {see fig 12 g (1% Thus the
crack front A" is lying parallel to the object surface and appears to be
the base of the crack A"'A", The shadow of this crack A' gives the clue
to the collapse of the plastic film upon stripping prior to shadowing. The
crack A"" however does not xive any indication that the plastic was
stretched upon sfripping, but'the tongue of plastic replicating the crack
at A"" was perpendicular to the object surface plastic during carbon.and
metal evaporation, but subsequently fell onto the surface when the plastic
was being dissolved from the carbon film.

S z2.



Gonclusiorm

1) Primary plastic replicas from rough‘surfaces tend to
exagrerate the depths of the intrusions and cracks, and may be used on
this basis as a detector of crack nucleation.

2). The crack depth of any shadowed negative replica depends
upon the length of the shadow, which in turn depends upon the inelination of
the crack replica to the direction of shadowing,at the time of shadowing .

3). The results from the entire fatigue programme are wholly
interpretated using the direct carbon replica which gives a faithful

revlica of the surface.

4«4 Taner sectioning methods.

A useful technique for the observation of the accumulated fatigue
damzge in the rough surface has been that of taper sectioning developed by

15 and modified by Wood et.a1.153. The surface topography

wood and Bendler
igs protected by an electrodeposited layer of metal and the taper section is
obtained by grinding a flat 100 2} beneath the surface of the cylindrical
specimen fig 13 a. The surface may then be examined by optical and

153

electron microscopy

4.41., Woods theory of fatigue.

Using taper sections and two stage plastic replicas from the
metallographically vprepared surface, Woodlr(’31 divided the process bf
fatigue into two distinet mechanisms § an intergranular phenomenon (high
strain fatigue) and a transgranular phenomeron (low strain fatigue). This
divigsion is supported by others.l62’163 |

Later papers by Woodl53 postulated the presence of pores, or
intcernal microcracks ahead of the primary transgranular crack originatihg
from the surface. As the crack advances i1t ' sweeps' up these ‘pores'!
which give rise to irregular cracks on the fracture surface as the crack
propagates through the metal.

The disadvantage of this theory is as follows:

1) The 'pores' which have clean surfaces could reweld on the compressidn
cycle *2.4 ' |
2). As the 'pores' are formed zhead of the crack and are not connected %o
the atmosphere, one could arguc that successive removal of the surface

by electropolishing should not increase the fatigue life *2.0. ¥4.8

3). Theories requirced to postulate the formation of 'pores' are thermo-

dynumically unfavourable unless these voids are formed on second thasc

164.165.

The followinsg sections discuss alternative possibilities

particles.

which were not consgilered by woodl53,
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4.9 Action of metallographic reapents on high concentrationa of point

defects.

In order to produce a large concentration of point defects,
a pisce of O.F.N.C. Copper was thermally cycled by quenching into water from

l,OOO’C. This was repeated 10 times and &ter ecach quench a section was

cut out of the specimen. The final picce was annealed at 30000 for 10

hours to relieve the quenched in stresses. The sections wefe examined
155,160,167,168.

metallographically, It was found that there was a definite
region adjacent to the surface which was oxidised as a result of the
eycling, At greater distances from the surface all the reagents 154,155
alcoholic ferric chloride, 10% ammonium_persulphate and ammonium

hydroxide gave a higher rate of attack at the gréin boundarieé as

shown in fig. 14. |

Conclusion. The results indicate that the metallographic sectioning

technique 15,153 described in *4.4 could lead to misinterpretation
due to preferential attack at the regions of high concentrations of
point defects, a conclusion subsequently supported by Grosskreutz et a1.156

4.6 Taper sections across a crack or intrusion front.

Pig 13 shows diagramatically another interpretation of the

results of Woodl53hA crack front (or intrusion front ) is irregular *5.3

fig 37. and any section across the metal surface as indicated in fig 13 a,b
will cut regions of metal in which the crack has not passed as well as fegions
"regions through which the crack has passed.rFig 13 ¢ represents a plan view

of the crack ( or_intrusiod front as will be seen optically. The crack will
appear to be that region contiguous with the surface and the 'pores' will
.appear to be regions of the matrix decohesion ahead of the crack whilst in
reality they are segments of the irregular crack(intrusion) front fig1l3 b,c.

157a

A similar argument has been put forward by Laufer znd Roberts and

Teer énd Wessonl57b.

Another effect of taper sections is to decrease the angle
subtended at the vertex of the intrusion fig 13 e,f, as well as producing
a vertical magnification which tends to deepen the intrﬁsion with respect
to its surface base. fig 13 f.

A programme of work to test {ood’s hypothesis ¥4.41 is given in

¥ 4.4
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4.7 Summary.

The direct carbon replicas prepared aé cutlined in *4.26 are
conaidered far superior to the other methods described for the purpose
of investigaing how the crack nucleates on the surface. This is based
upon the fact that the crack nucleation caﬁ be detected at the free surface
without =any metallographic preparation after the fatigue cycling. The
only artefact which can be produced is due to the folding of the carbon
film, This ﬁowever can be readily detected in tﬁé electron microscaope and
these regions mey be eagily discounted. The method described is.also
superior because about 80 to 90 % of the grid is covered with carbon
f£iim, although with higher strains and longer lives, the carbon replicating
+he crack tends to fold and lie parallel to the object surface. e.g Tig 30b
The scratches on the surface of the specimen are deformcd as a
reéﬁlt of alip and hence thé macroscople displacemgnts parallel as well

as verpendicular to the surface can be seen using stereo vision.

4.8 Specimens crept to produce intergranular cavities and subzecucntly

fatigue tested.

The object of the experiment is to test the hypothesis put
forward. *4.41 (2}, namely that if 'pores' were formed intcrnally, then
the periodic removal of the surface during the fatigue test should not
increase the fatigue life indefinitely.

It is well known that many metals fail under prolonged siresses
at elevated temperatures by the occurrence of intercrystalline cavitiesls?
In general the cavities are more abundant at a given temperature if the
atrain rate is low, and for a given strain rate the cavitation is more !
marked, the higher the temperature. The cavities'afe associated with those
grain boundaries which are perpendicular to the stress axis, and arec
dependant upon the orientation difference between the grains. Cavitiez are
not associated with a twin boundary. The cavities are regularly spaced in
the early stages of development and the intercavity distance increases
as the test temperature increases e.gz. L0f4cm at 120°C;'10 3cm. at 400 0.169
The smallest cavities observed (by optical microscopy) were no greater than

0-5 X 10-4cm. 169.

There is considerable controversy as to the nucleation and growth
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of these cavitiesng_lTs- Ishida et.al.174 have shown that the lower creep
rates result. in a high ratio of 3&;2_ where ey iz the total strain
e, '

and eg.b. is the strain due to grain boundary sliding. Cavitation has befg6
observed in the three stages of creep § primary, secondary, andéd tertiary
Hence internal cavities could be introduced into a fatigue specimen if the
material from which they wore made had been previously creep tested at a
very low creep rate. '

If this material is tested in fatigue in the push-pull motde so
that the cross section is uniformly stressed, then cracks which nucleate at
the surface could propagate ﬁy joining :those cavities at the grain'ﬁoundary
formed during’the prior creep history.. However if the surface of the
fatigue specimen is removed after cyclic stressing for 25 %'of the fatlgue

14

life *2.,0, the life could be prolonged indefinitely " if the internal
cavities formed during creep 4o not act as crack nuclei., If the internal
cavities do act as crack nuclei, then the electrolytic removal

of the surface layers will have little or no effect on the fatigue life.

178

Similar tests have been performed on powder compacts where
the total internal surface area of the pores is much greater than the free
surface of the specimen. These tests showed a tendancy towards longer lives
with the periodic surface removal, but the lives thus obtained were"
within the scatter obtained for the straight forward fatigue tests of

powdered compacts..

4.81 Creep frame.

Fight points of a B.{.F. creep frame were wired up as shown
in fig 15 and 1 6. FEach furnace:was a three zone furnace with upper,:middle
and lower windings. The power to these windings could bervaried by the two
variable resistors M and N in the following manner. Resistor N was
permanently connected to the middle winding and the resistor M could be
either placed in series with the upper or lower furnace windings by means
of the double pole switch K. By this means an even temperature cculd be
obtained over a 7 inch region of the furnace. The furnace could be moved
vertically so that this region spanned the gauge length of the speciﬁen.

The furnace control worked on the expansion of the central
tube to the furnace relative to the . “rod J which seated on a diaphragnm
fig 16 . A contraction of the furnace tube( equivalent to a température
drop ) forced mercury into the narrow bore glass tube &4 where it made
contact with a platinium electrode at & « This completed the 8 volt circuit
wvhich activated the relay b which in turn operated a mercury switch ¢
to restore the full power to the furnace.. As the furnace tube expands, the
level of mercury falls in the narrow glass tube to break the B wvolt
circuit which in turn interupts the power to the furnace through the

mercury switch ¢ . C is a small resistor to limit the current drawn



when contact is made at a « The increment‘resistor £’fig 15 was in parallel
with the mercury relay b, its function being to allow.a certain percentage

of the power to go through to the furnaCé when the relay was open circuit.

Phis decreased the frequency of the power cycle and led to &

more cven temperature over the maupe length. _

The current through the furnace was read from a millivoltmeter A
which recorded the potential difference across the . resistor P .

This was callibrated to record .the current flowing in P . The over temperatu
cicuit was controlled by thd& Ether controller t which was set 15°C higher
than the creep test temperature and if activated, power was cut from the
furnace through the relay §; ThiS‘relay:could only be reset manually

by the double pole switch U. ‘

The time of the credp test was measured by the time clocks q
and the bulb r indicated that power ‘was on to the furnace.

The test specimen S (dimensional details fig 18 ) was clamped in
the collars A (fig 17) of the extensometer which were of the dial gauge
tyre if the gas boxes were used. These consisted of a metal rod B fixed to
the top of the specimen. A tube C fixed to the bottom of the speplmen
surrounded the rod B , and was fixed to the micrometer D which then:
measured the relative difference between the points B and C as the specimen
was creep tested. '

Axiality of the specimen was obtained by the universal joint

BE and loading was by means of a 5:1 lever ratio .

4.82. The material used initially in this investigation was 70/30'single

phase « Brass. This material gave negligible ductility at 20000 and subsequent
metallographic examination showed the presence of a second phase at the grain
boundary fig 19 « Chemical analysis showed that the material was of low
impurity level and well within the British Standard Specifications.

Q.F.H.C. Copper was then obtained which was tested at the
following temperatures 149°C, 204°C, 249°C, at stresses between 11,820
and 5,190 pesyi. The results are shown in fig 20, |

At the completion of the test the load was removed and the
complete section as shown in fig'17. was removed from the furnace and
the grips E quenched in cold water to cool the sbecimen S. The time taken_

for this operation was 2 minutes ( % minutes for the gas boxass ).

4.83 Metallographic examination,

Metiigographic examination was carried out with a modified
Cocks and Taplin method which showed that intergranular cavities were
present at all the test temperatures-figzx)- If {the longtitudinal sections were
electropolished in the ethanol- nitric electrolyte * 4.06. many more

cavities could be detected. It was found by interferometry that the



cavity profile altered with increase of the electropolishing time. Therefore
tb keep the electropolishing time to a minimum, the specimens were
metallurgically prepared on Mrassd or Y Alumina with a small amount of lOﬁ
ammonium persulphate and ammonia fto remove the flowed layers. The
apecimens were then electropolished for 30-«45 seconds. The results are

shown in fig 21 a,b,c.

4.84 Fatigue of Creep tested material,

_ Pour fatigue specimens fig 3 4 were machined from the gauge
length of the creep specimen fig 18. These were electropolished in an
ethanol- nitric acid bath * 4.06. at 0°C until all the machining marks
had been removed. Two of these specimens were then fatigued in a Schendk
push-pull machine at a stress of = 11,600 p.s.i. to life #4.021, The
other two specimens were fatigued for I.Bxﬂﬂscycles (29% 1ife ). After
the removal of a known depth‘from the surface, the specimens were retested
at the same stress for a further 1.8 x'lQ5 cycles and this proceedurs
repeated until failure. ‘ )

During electropolishing many of the intergranﬁlar cavitiés
became vizible and in an attempt to prolong the fatigue life by surface

removal gseveral microns were removed from the specimen. The
results are presented in Table 1.

' The creep tested material was observed to contract when
subjected to the initial thousand cycles, which resulted in the stress
¢cycle being performed about a mean positive stress of a 600 pes.i. This
wag not corrected on the specimens fatigued to life, but it was corrected
on those specimens whose surface was removed after 25 % life.

The'same polishing conditions  were used to prolong the life
of a specimen machined from the as received material. QOne specimen was
satisfactorily tested for 8 surface removals giving a life of "250 %
of the normal life and broke due to clamping failure. The second specimen
was repolished 14. times in all giving a 1life of 370 . % of the normal
life indicating that the polishing medium does not produce stress
concentrations at the base of the surface intrusions, and as such the
electrolyte was not responsible for the inability to prolong the fatigue

life of the previously creep tested material.

4.85 Metallography of the'fatigued'creep material

A longtitudinal section of a fatigue tested sample manufactured
from the creep tested material revealed a possible explanation as to why
the fatigue lives‘were not increased by the periodic removal of the surface
layers. The g;ain boundary cavities were found to have linked together to
form a crack400 microns beneath the surface, fig 21f, (note this is not

a taper section * 4.4.).
2,



5,0 Results and Interpretation.

5.1 Introducticn. The fatigue machines used in this investigation are

described in * 4,01 %4,02 *4.021. The material and dimensional details
are discussed in *4.03 and after the second electropolish the surface was
scratched with t}xdiamond paste as described in * 4,25, Other deformation
modes were also investigated i.o lligh strain dwell tests *5.26 and
compression fatigue tests %5.,27. Each micrograph ig interpreted in terms of
the dislocation theory and the model which is discussed in *6.0 to *6.5.

Whilst this practice may overlap the discussion, it is considered preferable.

5.2 High strain fatigue resulis. .

o Specimens of 0.F.H.C. Copper were tegted for 1004, 2004, 2504
100% 3504 4003, 450 % 5004 cycles at a strain range of €p + 1.0% to
Ep = 1.16% at room temperature giving a life of 1,600 to 1,000 cycles.
The average fatigue life was 1,200 cycles. fig 22 a.

The specimens were cycled such that the scratched surface alwdys
wvent into tension first followed by the cqmpression cycle. The test was
stopped such that the the scratdhed surface was _ undergoing the tensile
cycle. This ensured that the cracks were opened up for the subsequent
replication * 4.26.

Maring these high strain fatigue cycles the specimens increased
in length by 3 % . If the specimen were allowed to dweil for 10 minutes
every 10 cycles with the same surface in tension., then the elongation
could be as much as 6%at 25% life. This could arise from the small
tenaile force which arises from friction in the floating shaff *¥5,1. and
the Nonay effect. 131.

In all cases given below there has not been any post fatigue
vreparation apart from replica preparation, and so any surface relief
produced at grain boundaries etc., is due solely to the result of dizleocation
interaction during fatigue. The surface was alsoc very carefully prevared
to cnsure that that it was flat over the boundaries; the latter could not
be detected by sterso electron micrOSGOpy or optical microscopy prior to

fatigue.

He2l. 1003 cycles.

In the first 1% life little evidence of crack nucleation was

detected. Deformaticn was found to proceed by slip and the surface
topography produced must be a combination of the slip systems

operating .aad the orientation of the operative slip system to the surface.
Pig 23 a shows the slip traces a,b,and ¢ produced in the two grains £ and -

2. The scratches W are not displaced within the matrix except adjacen%

to the grain boundary (ABC) at U. In this region there has been coénsiderzhle

slip activity in which the grain boundai has acted as a source of

| o0,



dislocationé, as shown by the displacement of the %4p scratch .
Txoamination in stereo shows that the deformation in this region has
resulted in the relative movement of grains L and 2 at their comnon
interface both parallel and perpendicular to the surfrnce.

. This deformation at +the grain boundary is usuclly seen whors
the slip »lanes are nearly parallel to that part of the grain boundary
which slides.

An alternative method of grain boundary slip is shown in fig
23 b which shows the well reported phenomena of grain boundary intrusion
and extrusion. The grain boundary extrusionsr ¢ are separated from the grain
boundary intrusion B by 'islands' of grain boundary which are at the same
level as the two adjacent grains. The intrusion extrusion phenomena has
led to the relative movemant of the two grains at their common interface
as shown by the displacement of the ssratch 4 at the boundary. ;

Mhere slip is nearly parallel to the grain boundary interfzce,
a third phenomena can be detected. This is the migration of the Mtersection
of the grain boundary with the surface interface, (as opposed to the subsuriuce
boundary itself). Pig 24 a.shows two such examples3 and 3', the former
resulting in a promounced widening of the bouniary between the grains.]
and 2. This boundary deformation often leads to crack nucleation lig 2% a.
Tig 24 b is a low magnification picture to link the surface topography of
rfig 24 a to ~dc. '

Tig 24 ¢ shows a mixture of transgranular and intersranular
deformation., The lower grain 1 shows a transgranular extrusion I and an
intrusion ¢ which have not caused the displacement of tho % M scrabch
c.fe fig lc . However stereo vision also shows that these intrusions are not
as aharp as would be seen on tarer sectioning, althouzh they are shuarn
enough to cause stretching of the primary plastic replica as cxyperienced
in the work outlined earlier. ¥4.33. In the adjacent zgrain 3 the trane—
granular phenomena appears to give rise, in mono view, to crack initiation
at Qe This region Q is a transgranular intrusion at the hase of an
extrusion. The surface profile at this point is indicated in fig 24d 
and as can be seen the carbon marked X is giving rise to the long shadow
and ig the small intrusion occurring aljacent to the extruded material.
This profile could not have been deteccted in monovisiom from the
craduation in intensity from the shadowing deposit.l59 Section 4 of ihe
uppér grain has suffered very little plastic deformation andi the;efore
has not brought the grain boundary between 2 and 4 into relief,even thoush
the boundary between grains 3and 2 has suffered relative movement st u,

which from stereo vision can be seen as a grain boundary slip step, the

step riser beiny the grain boundary. The boundary between grains land 4 shows
that grain boundary slip has occurred across the slip bands ot and‘ I -
perpendicular to the surface (6.5}.

=30~ 0.



The boundary between 5 and 1 zhows the first signs of creck
nucleation at ¥ N' andN" duc to n process leading to grain houndary slip
and microcracking. This can be scen more eusily in a larger magnification
of these plates.

The grain boundary widening between grainsi.an? 2 fig 24 a is

_possibly due to reorientation of the grain Youndary region as reaorﬁed

180

bj Snowdon and iz shown in fig 25 a and b . This reorientation
leading to serration of the grain boundary, occurs with the relative
movement of the grains with respect to each other (UJ) and this may lead to
cracking K when grain rotations also cccur fig 2% b.

These features become accentuated with increase of the number

stress reversals.

5.22 200% cycles ’
At 200 ecycles all grain boundaries are delineated as a resuld

of the dislocations contained in_them or a8 a result of the passage
of dislocations through them. The grains at the surface are extruded to
to allow grain boundary slip and rotation(Fig 26]. The scratches on the
surface (fig 26a) show that the boundary has slipped at U as a result of
the slip band causing the extrusion 1 which runs to join the triple‘point.
The intrusion or fold G has caused the grain boundary ridge at U' as indicated
by the displacement of the scratch U". -

FPig 26 b is a low magnification picture which links figs 26 a
and c. In fig 26b the scratch ¥' shows thuat the grains 1 and 2 have suffered
a rotation of 19 degrees. The scratch is continuous across the surface
mrain boundary at ' but the two parallel scratches, indicateéd by "

shows that the grain boundary has slipped at U. Hote the scratches "
cannot be resolved without the use of a magnifying glass.

The scratch ¥"' in fig 26 b is the scratch W"' in fig 26c and
shows that the grain 2 has altered its orientation with respect to the
grain 1 and g‘due to the deformation which has taken place during fatigue
cycling,and is probably a direct result of the dislocation motion

_which has taken place in grain 4 in the slip band € . The cvidence for
thig,is derived from the displacement of the %}zscratches H' and|§ﬂ which
indicates the macroscopic deformation. When these grain rotations znd
translations are taking place, it is quite possible for the grain boundaries
to slide over small distances.e.z. over the boundary between grains 3 and i
in fig 26 ¢ the soratch W' is displaced at U"" but not at U'".

The scratches running across the slip planes E show that the
reverse slip does not take place in the adjacent slip plane as shown by

Yood and Bendler for low strain fatigue 15, In this case the slip § has

been initiated to allow for the orientation of the grains in these regions

and the reorientation has pro?%bly caused crystallite formation Z - -



(The clarity of the scratch across this region of the surface indicates tha
the surface was macroscopiéally flat in the pre-fatigued state.)

' The formation of a grain boundary intrusion along the iehgth of
a boundary fig 27 a B allows transgranular dislocations to escape from
the crystal onto twe free surfaces. A higher magnification of this
micrograph shows more clearly that the region at the base of B
has suffered little heterogenous deformation, whilst the intrusion
sides Q’show clearly the_consequence of complex slip processes arising

from dislocation movements c.f. Fig 41 c¢,d,e,f,8,h,

Some of the graihs become the sites for large {olds, corrugatio:
or intrusions, see fig 27 a at X and fig 27 b at G .« These £folds allow
grain boundary sliding U to occur with the formation of microcracks O
within the the boundary fig 27 a or at triple points U' fig 27b .

Tig 27 ¢ shows the transgranular deformation resulting in the formation

of intrusionsg and extrusions H which invade the neighbouring grain.

Stereo vision gives an overall picture of the macroscopic deformation, vig
the extrusion of one grain with respect to its neighbour and the general
undulating  surface topography. The intrusions G, when viewed in stereo
can be seen to be devoid of crack nuclei at their tips, whilst in mono
vision it could be interpreted that these shadows are the result of the
carbon within the intrusion crack front.

fith increusing life the surface becomes progressively
rougher and the crack nuclei become deever and loager by microcrack

nucleation and linkage at the surface.

5.23. 250% cycles.

The surface rapidly becomes rousher and grain boundary
intrusions G begin to form cracks J at their bases fig 22 a . The slip line
7 fig 28 a and 7' fizg 2% b,c, have a curved appearance due to the
small scale surface roughening. c.f. fig 43 d . This has been referred

fo as lattice bending 181,

and is very common in high strain fatigue
varticularly near to grain boundaries, In fig 28 ¢ g") stereo visi?n
shows that in this case the "lattice bendineg” is a result of the super-
position of an intrusion type slip band adjacent to an extrusion type
grain boundary and vice versa. Thus an inclined plane ( the slip plane )
appears bent. (fig 43 e.)

The transgranular slip steps Q'and Q" fig- 28 b between the

undulations are sharp reentrant semicircular slip steps. Monovision

gives the false impression that these regions Q%' and N" are transgranular

cracks. This transgranular phenomenon Q, Q' and Q" is shown in fig 28 b and

and shows the small regions of heterogenous deformation which occurs in



high strain fatigue. In fig 28 b the high contrast at § 1s due to the
carbon film on the slip step being perpendicular to the plane of the object
and not due to the carbon film lying in the crack.

Grain boundary sliding results in the formation of microcracks
{or 'pores' connscted to the surface) which link up in the plane of the
boundary to form a crack #hich then propagates by the linkage to other
microcracks formed by the stress concentrations. In fig 29 a, the micro’
crack A' has grown by the linkage of smaller micro cracks A"' which are
nucleated in the.same grain boundary. (note the shadow A"" is not due
to a grain boundary cradk, but is due to the slip band intrusions G and
G', which have very . sharp crevices at their bases.)} Sterso vision shows
that thers are.small cracks assocliated with these intrusions. The carbon
film lying in the boundary crack interface does not cast a shadow as it is
overshadowed by ah‘intrﬁsion Qﬁ At thig'stage of life ,there are several
other examples of crevice formation at the root of the slip band intrusions
near to grain boundaries. However these are not as deep as the grain
.boundany crack A' or the microcracks AM |

The grain boundary crack A" has taken place in a migrating
grain boundary § as can be readily observed using stereovisiori. However at
the point $' the migrating grain boundary has withstood the crack nucleating
mechanism as can be seen from the shadowing. A similar result could have
been obtained had the carbon film moved into the shadowing direction at
this point, and stereo vision suggests that this has not happened‘in this
case, The other transgranular phenomena go fig 29 a is due to the re-
entrant slip steps and not due to transgranular cracking. The re-entrant slip
step Gi does however contain a microcrack at its base, where the transgranular
glip is parallel to the grain boundary. At this stage of life, coracking was
observed in those boundaries associated with separate grains, which had

undérgone different amounts of plastic deformation. c.f. fig 29 a and b.

5¢2-4 300 cycles and greater.

Once the crack nuclei are produced on the surface, they must
grow laterally along the surface before they can increase in depth. The
replication of the surface then‘becomes difficult as the carbon film
tends to be Xeyed on to the surface by the deeper cracks. However even when
the carbon film is removed from the surface, there is the problem of the
replica folding,to lie parallel to the surface of the object plane. This
effect is complicated algo by the folding of the carbon film during
preparation, - although this can be reduced by successive transfers botween
(ﬁater + alcohon and(ébsolute alcohon‘baths paying particular care to the
surface tension of the 1liquids. IHowever not all grain boundaries
show mierocracking and in fig 30 a,the grains are coplanar at D but from D

to E the grains are displaded across their common interface and the scratch
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Wtis d1splaced at E. The dislocation looms produclng the deformation 1n the
alip plane XD can also be responsible for the deformation along DE

assuming that thev may cross slip in the plane of the boundary,or a parallel
plane. . But these dislocation Lloops are not dlrectlv responsible-

for the deformation in the neighbouring grain, i.e. that deformation

giving rise to the displacement of the ‘soratch at E. Therefore whilst a
dislocation can oTross slip along the boundary between two grains, it dees
not allow the dislocation to pass into the nelghbourlng grain. For the stress
to be transferred from grain to grain, other slip systems. have to

suitably operate in the adjacent grain . The ser:ated grain boundary
ABCDEFGHIJ fig 30 a , is shown in a line diagram in fig 43 b,ﬁnd acts as

a stress concentration upon dislocation sources in the neighbouring grain.
in such a manner that . the slip produced relieves the . stress’
concentrations at the boundary.

In some regions where the deformation mechanism has progresded
more favourably fig 30 b, the grain boﬁnda:y slip can be fairly large *0,65p
at U and this accompanied by large grain reorientations. " In this micrograpt
A is the grain boundary erack where the carbon replicating the c¢rack
interface is lying parallel to the object plane and B is a grain boundary
intrusion. |

As the fatigue process continues the deformation becomes more
characteristically unidirectional.Fig 30 ¢ shows the Junction of thrse
grains 1,2 and 3 - which are crossed by two scratches W snd W'. The
transgranular slip in grain 2 has caused a unidirectional displacement
of ‘0;5}1in the scratch W' a%t each slip band. This results in the
displacement of 2)4 along a distance of 8}1in grain 2. This unidirectional
displacement igs accompanied by the sympathetic movement of material in
grain 1 as indicated by the scratch W . Slip has taken place in the
grain boundary interface between the grain palrs 1 and 3, and 1 and 2
to give rise to grain beundary cracks A' and A+

FPig 31 shows how the cracks grow laterally in the surface
layers. Fig 31 a shows an intruded graih boundary A which has opered up
to a width of (fig3l b) by slip at the boundary interface between grains
1 and 2 as shown by the displacement of the scratch W in fig 31 c_: This
relative movement within the boundary interface (=;0.35}1), which lies at
450 to the maximum sprface tensile stress , has produced microcracks
at the slip band / grain boundary intersections denoted by ¥ in both fig
31 a and bsc .« Further along the boundary, between grains 1 and 2 figil ¢
the slip in the grain boundary has not given rise tc the formation of
microcracks. The boundary at X' has given rise to slip perpendicular to the
micrograph in such a manner that the step does not cast a shadow; At X
the slip is no%t confined to the boundary and probably results from a

grain boundary ledge * 6.2 as the boundaries at X' and X" are not coplanar.
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' The crack A' has occurred at the intersection of four grain
boumdaries of which the only boundary to remain  >oherent is that between
grains § and 4. fig 31 a . The transgranular slip occurring in grains

1,3 and 4 has not given rise to intrusion cracking.

With increasing fatigue cycling , more grain boundary mic¢ro-
cracks are nucleated in the surface layers allowing them to grow laterally,
Transgranular slip may take place more eagily as the surface grains are
gurrounded by unconstrained surfaces perpendicular to the surface of
the specimen and the intergranular cracks grow deeper until the bulk
of the crack is propagating by the stage 2 mode #*3.33 .

%.25 Displacement of scratches.

Wood and Bendler have shown that there is no displaccment of
a seratch as a result of fatigue cyeling. *1.4 1In this investigation.
geratches were found to have been displaced and rotated across the sliﬁ
bands fe.g. fig 32 a W"* and W" ) and at grain boundaries, and these
displacements increased with either strain amplitude or number of cycles.
These displacements at the grain boundaries are summarised in Table 2.

Fig 32 a shows this effect when a replica is viewed in stereo.
It can be seen that the sc¢ratches in the active slip region are displaced

to one side of the main scratch W' and W" whilst the overall displacement

across the slip band is zoero. This suggests that the 9lip causing the
intrusions are formed by dislocations of similar burgers vector and not
from dislocations of opposite sign. %6.5 In the éame grain the scratches
are diaplaced across the slip bands by 0.1 o at A"' and W"", This displacement
was similar to the displacement reported for unidirectionél testsl5 * l.4.

Pig 32 b shows the displacement and rotation of the scratch
across the slip bands and at regions between the slip bands (termed
slipleés ll’lél The displacement of the scratch at W' and W' without
the formation of slip steps is consistent with the passage of a screw
dislocation parallel to the surface c.f. fig 41 e « Another factoer of
significance is the difference in the displacement of the two parallel
ascratches within the same slip band/ plane . For example the displacements
of the scratch at U' igs not identical to that at W" and that at W"' is
is not identical to that at W"". This is over a distanes of 2 p and may

well arise from cell formation within the zrains. * 2.7.

5.26 Dwell tests.

High strain fatigue tests were interupted every 10 cycles after
the first 4 cycle and the cycling stopped for 10 minutes. In thiz mode
of fatigue testing the appearrace of the slip lines became similar to

a static unidirectional test or ¢creep test 182_

6% at 25 $life.

The specimen elongatsi



Fig 33a indicates an additional deformation mechanism to those
alreddy described. Slip systemg were found to nucleate'craoks at their
mutual intersection with the surface,e.g. L" and L"'. The rgmaining shadows
arise from the slip steps resulting from their intersection e.g L' o
As the fatigue process progressed these microcracks Eécame‘ deeper

without qpreading along the slip planes and could be better descrlbed as
53

'pores’

5.27 Compression fatigue.

High strain fatigue tests were performed in push-pull with a c¢com-
-preSsive preload in a Schenck fatigue machine *4.021. Due to the test
being performed in the plastic strain region, the mean of fhe eyeclic plastic
strain range *#2.6 ) moves towards the zero mean with increasing life. The
latter part of the fatigue life is therefore spent cycling about a mean
zeéros Theoretically the diameter of the specimen increases and its
length decreases. This has been observed on the macro-atomic scale.

Fig 33b., shows that certaln seotlons of the grain boundary
may sl1p at the physical boundany interface at the surface, to give rise
a flat slip surface. . This is shown on the photographs as E;
The other regions of the boundary show that 'co-operative' slip has taken
place,i.e. where an intrusion is formed on one side of the boundary, an
intrusion must form on the other side. The former may be said to apply to
regions of & grain bounda:y which are coherent across the interface whilst
the latter applies to regions where the boundary is incoherent across the
interface. * 6.2 This co-operativé-slip gives the impression that the
dislocations have crossed the grain boundary. ¥%5.20.

At the base of the intrusion J a small microcrack has nucleated
which extends 3 m from the grain boundary into the grain. The other
intrusions have large radii of curvature at their extremities. The
deformation around the triple points is shown in fig 33 ¢. The grain
boundary triple point A has intruded beneath the surface due to its line
tension preventing it from extruding with the rest of the surfate. Once
again the intrusion G is shown to have a large radius of curvature at its
front, whilst the slip steps G' shows the irregularity of the surface
within the slip band. Where the slip bands intersect the twin boundary
Vv, v,y v, vty the boundary has slipped with the production of cracks.
There is also an absence of slip ﬁithin the twin boundaries.

Some twin boundaries do not arrest the slip process and cllow
some of the dislocafions to pass through the boundary.. These boundaries
are still hosts for crack nuclei as shown in fig 34 d A,A', but in general
the surface topography is very rough in the regions adjacent to theg
boundary e.g. He ' '

In many micrographs there has been insufficient evidence to nrove
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that grain boundary migration tekes place, in order to allow the grain nwoundaries
to slide at the interface, Fig. 34 a,b, shows this migration. The grains
are outlined in fig 34 b and the grain boundary AB rotates and migrates
; to CD to allow the dislocations to cross sliﬁ in the new grain boundary .
These dislocations slip over a distance of approximately 10 R in this boundary.
The scratch W indicates how the material is displaced at this interface and the
scratches W' and W" indicate that the slip . .in the slip bands N andrg is not a
to and fro movement as has been postulated.15 The dislocations passing in the slip

band N, return along both slip bands Q and P.

543 Low strain fatigue,

The 0.F.H.C. copper specimens {dimensional defails‘fig.B.b ) were
prepared by electropolishing and scratchéd with 4 P diﬁmond faste and tested in
an Avery bending fatigue nachine *4,02, The tests were stopped and examined
destructively after 10 %, 25%,50%%, and 100% 1life.

The examination of the numerous micrographs obtained from the low
strain fatigue tests gave initial indications that the processes involved, prior to
any evidence of fatigue damage during the incubation periocd *3,31,were basically
similar to those oécurring in high strain fatigue, Although the cyclic atrain
imposed on the specimen in low strain fatigue is nominally elastie, the
anisotropic nature of the individual grains will set up small plagtic strain
components in some grains 183. It is this small plastic component of strain
which leads to & smaller percentage of  true damage per cycle,

The plastic deformation taking place is concentrated into s;ip
bands which may be arrested by shallow %‘p scratches, fig 35 a. Most of these band
are arrested at grain boundaries where gfain boundary relief can be detectéd fig 35
This slip within these bands is not fully reversible as may be shown by the
displacement of a square network of %'flscratches fig 35¢, This results in:a’
nisorientatior within the surface material,and over many thousands cycles a
unidirectional displacement is produced.e.g. fig 36 a W',W", when viewed along the
the plane of the micrograph. This deformation modé produces a strain concentration
at the boundary which slips to form an intrusion from whidh intergranular cracks
nucleate A fig36 a. Triple points also suffer defdrmation by sliding on one or

t
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more of the grain boundaries, as shown in fig,36 b at U, U} and U'", The
transgranular phenomensn that occurs in the early stages of fatigue is on the
whole non damaging, although there are some regions where cracks nucleat? at
the tip of the intrusions e.g. fig 35 b, B,' Stereo electron microscopy shows
that the majority of the transgranular phenomena taking place is non
damaging, although replicas (either direct carbon or plasﬁic carbon
replicas ) suggest severe transgranular crack nucleation when examined in
monovision, Fig 37 a indicates slip (E) in the grain boundafy having a small ,
grain adjoining it which has suffered severe deformation showing both
extrusions I and intrusions G. The long shadows are due to the steep steps
and re-—entrant angles § produced at the intrusion / extrusion / surface
boundaries and not due to the carbon film penetrating a crack,as could
be the interpretation if monographs were used, The stereo and mono vision
interpretations are_shown in fig 37 b and ¢ respectively. ‘
Fig 38 a shows the boundary conditions as a result of the
transgranular deformation, Consider the grain boundary'extrusion_g . This
mierograph is best interpreted in conjunction with fig 38 b, where 5,8,
represents the boundary at the plane of the surface of the speclimen and
the plane 5,8,9,10, 1s the slip plane of grain A , which allows slip to
take place to give the extrusion 5,8,7,6,1,2,3,4, on the plane 5,8,9,10,
and parallel planes by slip through the regions which are considered of
'good' fit * 6,2, 4n the boundary 5,6,7,8, this accounts for the width of
the slip band in grain A and the short slip band plane 1,2,3,4, fig 38 a
in grain B. This interpretation is a direct result of the replica being
a negative of the surface, It is worthy to mention that had the replica
been 2 positive replica then the =lip band 1,2,3,4, would be =a result of
deformation initlated and executed solely in the graln B. Being a negative
of the surface means that this deformation contained in the box 1.2.3.4
. in grein B is an external manifestation of the slip taking place within the
bulk of grain A, Fig 38 ¢ shows conventional grain boundary extrusions
C and C' which have taken place in, but not through the islands of "good®
fit, The region of misfit between the two good fit regions has resiricted
the extrusion process ® and this is shown by the surface contour of the
extrusion. Monovision would suggest that E and E! were grain boundary
microcracks, but stereo vision shows these to be re-entrant slip steps
at the grain boundary. '
Low strain fatigue is traditionally associated with transgranular
damage. Fig 39 a is an attempt to compare the damage caused by cyclic stresses
in the grain boundary and within the grains, Fig 39 & shows a general low
magnification picture of the surface topography formed during low strain
fatigue. It shows grain boundary delineation as follows: the boundary 1=2
is delineated by two grain boundary microcracks A! and A" and an intruded
boundary B, The boundary 2-3 is delineated by the serration phenomena * 5,21
at B" which changes into grain boundary intrusion at B' and B"' leaving



a portin of the materlial specimen between B' and B"' a8 the grain boundary
extrusion at § This boundary has probahlj migrated in the region C and B!
The boundary 2-4 is faintly seen when viewed in stereo and
the boundary 4=5 shows some relief due to slip in the neighbouriﬁg grein
which has given rise to the crack nucleation at the base of the intrusion J,

The boundary 4-6 contains a sharp re-entrant slip step
which appears to be associated with the triple‘point of the boundaries
4-6 and the continuation of 87, '-

The above transgranular phenomena are not consldered
damaging except for the cracks at the base of the intrusion J. The other
highly shedowed areas e.g. @ and Q' are steep re-«entrant slip steps c.f.
fig 37.

In fig 39 4, ‘the boundaries are delineated as follows
‘Boundaries 12,3-4, 3-5, 3—6, 7-8 9-10 2=3 are delinesated and the results can
be observed by stereovision. There 1a one grain boundary crack A in the boundary
7=-8, The transgranular phenomgna in the graln hounded by boundaries
Sw3=43=4, are as follows; The shadows § are a direct result of a sharp
slip step on the surface and not due to .a microecrack, The microcrack
nucleation at the bottom of the intrusion is shown in stereo to be J gg and
J"of which J' is the deepest . Whilst several mierograpls show  this
crack nucleation at the base of the intrusion, the frequency of occurrence is
far less than was expected from the published resulta of Wood.

As the number of fatigue cycles increases the unidirectional
displacements within a =1ip band increases, with an sccompaning strain con-
- centrations at the slip band/grain (or twin ) boundaries, which causes
either a crack in the boundary 4 (fig 40 b) or very Jlarge extrusions C or
slip within the boundary interface region U . These phenomena are also
accompanied by transgranular cracks as shown by J,J',J". as shown in
fig 40 b, In these cases the slip across the twin boundary is not
continuous, i.e., the slip lines are not formed by the same dislocation
changing planes over the boundary, because at the end of each of the glide

planes a step is formed,
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6,0 Discussion,

The stereo electron micrographs have shown that the grain
boundaries at the surface undergo plastic deformation when subjected to
cyclic strwerssing . In the early stages of the fatigue process, this
deformation is shown by the grain boundary relief which occurs prior
to the grain boundary slip over small regions of the boundary.'

The degree of grain boundary sliding (at the surface) increases
with increase of strain, or for a particular strain amplitude as the number

of cycles increased, which agrees with Smith35

and suggests that
the small number of stress reversals required to fracture specimens in
the high strain region, where the S/N curve is steep is not a fundamental
change of mechansim from' the mechanism operating in the low strais
reglon, as suggested by Wood.17 The high strain fatigue mechanism is
the hastening of the accumulative damage which preceeds the decohesion
of the matrix. |

Initially models are propozed to account for the grain boundary
relief obtained during fatigue. This model is developed to explain the
clustering of slip into slip bands and the unidirectional displacement
of blocks of material within the grain leading to stress concentrations at
the grain boundary/ slip plane junctions, which leads to intergranular

crack nucleation,

6.1. In a stressed .single crystal, slip takes place upon a plane
when: '

S =S Cos © CosX 183, 184.
s n

where SS is the shear stress component responsible for deformation,
Sn is the normal tensile streas,

Cos @ Cos)\, Schmid factor where ® is the angle between the tensile
stress and the normal to the slip plane and‘é,is the angle between the
slip direction and the principal axis of the specimen. As the deformation
proceeds, the normal to the slip plane tends to rotate into the
direction of the stress axisﬁ The magnitude of SS increases with plastie
deformation, and depends upon the orientation of the single crystal
with the stress axis. This governs how many of the 12 ( for f.c.c., metals)
slip systems will operate.

In polycrystalline material the grain boundary separates
erystallites of different spatial orientations and differing slip
characteristics. Material in the polycrystalline state is highly
anisotropic, which leads to séme grains yielding before their
neighbours. = This necessitates that this deformation must be

accommodated at the boundares,



The highest stresses exist at the end of the glide plane baﬁds and the
accommodation of the stress or strain at the boundaries can be by grain
boundary slip or by the operation of any 5 of the 12 slip systemszoo

in order to retain coherency acryss the boundary.

6.2, The structure of the grain boundary,.

The mechanism of grain boundary sliding will be determined by the
interface structure and the orientatidn difference between the two grains,
The interface structure will depend upon; ' l

1, The concentraiion of point defect5185’187

at the boundary which permits the
orientation transition from one grain to the adjacent neighboﬁr; becbming
very complex at the triple point. . ' _ , .";_
2. The atomic planarlty or smoothness of the 1nterface185'186
A dislocation model can be ascribed to grain boundaries of low .
angle, i.e. if the misorientation & is less than 150 188 » In this model, the
boundary is described as a combination of tilt ( rotation about an axis
in the boundary ) and twist boundaries { rotation about an axis normal to the
boundary Fig 41 a and b, The former is described as a special ofientatioﬂs
of edge dislocations and the later of screw dislocations. '
For high angle boundaries the dislocation array becomes complicated
as the individual dislocations loose their individual identity, and a specific

176,177, _
dlslocatlon model cannot be given, The macro atomic nature of the

large angle grain boundary is thought to embody the folloWing pointsi—

a, the boundary is not atomically smooth, but contains jogs at the interfaces

these jogs are often called protrusions and have been observed by fleldnlon
189-191,

microscopy.

be. The srrangement of the atoms are such that the boundary atoms do not have -
12 nearest neighbours S

- ., 186,192 . o
ce There are regions of good fit and bad fit « The regions of bad fit
being of an amorphous nature due to the high disorder contained therein.
The regions of bad fit should allow the grain boundary to slide in a visco-~
elastic nature if it were not for the protrusions in the boundary which are

obstacles to the processes of gra1n boundary sliding,.

The regions of good fit are regions of low coherency strains fesulting from
the absence of dislocations in the grain boundary interface, '
‘This elementary picture of the nature of the grain boundary is

confirmed by some of the recent work using the field-ion microscope, 190-133.

6.21« Subgrain boundaries194’177b’* 2.8, ¥2,81,

It is convenient to describe crystal boundaries corresponding to
R - 0 . . '
a misorientatlon of 1~ as sub-boundaries. These boundaries are made up of .an

~array oi edge dislocations. (A single array of screw dislocations is unstable,)

ey



6.3, Grain boundary sliding.

Previous investigations into fatigue deformation have not given
any indication that grain boundaries might slip during continuous cycling at
room temperature.

Definition of grain boundary sliding, “Grain boundary sliding is the
relative translation of a palr of grains by a shear movement at their

common interface. This definition is meant to include cases where shear
takes place in a zone of finite width around the boundary, and cases in
which sliding is a shear confined completely to the interface, if indeed
this latter ever 'actuslly occurs in practicezlgs'

Smith>® found with Aluminium (a4 2o°c) that the grain boundar ies
were persistent to a greater depth than the transgranular phenomens, and if
tested at a lower temperature, the intergranular damage wes reduced,

Broom198 in & recent review paper, sugeests the question which needs reéolving
in the fatigue of Aluminium at room temperature , is how much grain boundary
sllding arises from

1, a creep like process,

2o a‘ratchetting process,

3+ alternating grain boundary sliding.

Several papers have been published recently on the fatigue of
metals at high temperature(* 2,924) where. grain boundary sliding has been
shown to take place using internal markers. It seems possible that grain
boundary sliding could be responsible for the intergranular cavitation.
which accompanlies high frequency, high temperature fatigue,

The results of the fresent investigation is that grain
boundaries &% 45° to the maximuﬁ tensile stress may slide over certain
regions of the grain boundary,c.f., ref. 199 The sliding in this
investigation was detected at room temperature by the displacement of
yz./A“ ascratches and stereo electron microscopy. The sliding of
grain boundarles has been observed in both low and high strain fatigue,

oo |

6.4 Relief of siress concentrations at grain boundaries by Taylorg theéorem,

This may be divided into two separate sections depending upon
position of the grain in the polycrystal,
1. A grain at the centre of the polycrystal,

This would cause the initial slip system to require a higher operating stress,
because the grain is %totally surrounded on all sides. Therefore the
operating stress 0o required to produce transgranular slip in a poly-.
crystal may be written.
Oo = Grass.™ Cg.b.
where O_c'us is the critical resolved shear stress
thJm is the restraint %xhibited by the grain boundary due to
Taylor's theorem.
_-42.—



In this case before there could be any appreciable ( unidirectional )
d:formetion  in the grain under consideration, the critical resolved |
shear siress must be reached on 5 slip systems in the adjacent grains;

Thus for deformation to take place within the bulk material, the
operating stress will be very high,

2. A grain situated at the surface,

In this case the surface acts as a sink for the egress of dislocations from

the grain, The grain boundary component Og.b, is now reduced and in
some directions #0;the presence of the surface will make slip easier

to take place, Therefore slip systems giving egress of dislocations at
the surface are thermodynamically more favourable than those which
constrain the dislocations to the adjacent grain, '

645 Dislocation Model ,

If the dislocation originates from a Frank-Read source in the
grain interior, the dislocation loop will be arrested at the free surface /
grain boundary interface due to the lack of compatibility in the slip systems'
in the neighbouring grains fig £2 s and b, This remains as a gtress
concentration and will produce some "local  surface reorientation by its
presence, fig 42 c., On the reverse cycle this stress concentration .
ghould be annihilated by reverse slip. Howevef slip appears to be a
quasi-ratchet mechanismlgs'in that the full slip -displacement does not take
place in the same slip plane in the reverse cycle, Slip takes place on a
new slip plane and is concentrated inte bands. On the present model -
this would require a new dislocation source to operate in a parallel
plane.

I+ has not been satisfactorily explained why slip is
concentrated into bands in c¢yclic stressing, One possible explanation
could be that these slip bands appear only at the regiond of good fit in
the grain boundary, This proposal affects the traditional model above in
the feollowing manner :

When a dislocation reaches the boundary  the stress builds up
to some value where the next favourable slip system is the one in which a
screw component can cross slip in the good fit region of the boundary
fig 42 d., Thus the dislocation is already on a new slip plane when the stress
is reversed, This proceedure, if followed would result in a
unidirectional displacement of a block of material within the slip band,
or within the volume contained by the slip and cross slip planes, fig 42 e and I,
This displacement is detected as a result of the displacement of a scratch
by a dislocation, fig 41 ¢ and d, A screw dislocation emerging parallel
to the surface fig 41.c. displaces a scratch without forming a slip step

whilat a screw dislocation perpendieular to the free surfaces does not
~4 3w A%



displace a scratch, but causes a slip gtep. fig 41.d. The opposite is
true of an edge dislocation fig 4. f,g,h, Hence direct evidence for
such a mechanism can be obtained, and is contained in fig 33 b,34 a,b,
35,b, 36,a, for example., However fig 32 a shows clearly the unidirectional
displacement within a slip band at W! and W" and also the grain boundary
relief which results if cross slip takes place within, or adjacent
to the boundary,

Any residual dislocations left must slip on the plane
containing the dislocation line and the Burgers Vector, For the residual
edges fig 42 @ the only planes available are.the slip planes ABCD, and ADGF for
the edges E and H respectively. (i.e. the planes upon which the screw dislocation
cross slipped, The edge will only move if the streas exceeds the value

ub on this plane where u is the shear modulus
L b is the Burgers Vector
t is the length of the dislocation line

The slab of material 1s displaced according to the inclination -of the
operative slip system to the surface, As each slip lire observed on the
surface can be the result of the operation of three slip systems, and
each slip system is  on a{111 ) type plane in a 110} direction, the
actual result of slip can be more complicated than is suggested by fig 42
e and f,

Therefore the slip displacement within a grain boundary is
confined to the region of good fit and the transgranular slip is confined
in width and subsurface deptthig 43 f)by the extent of the cross slip
in the boundary and thilz may account for many of the observations
which have given the surface such prominence in fatigue damage.

The extent of the region of good fit will depend upon &, the
relative orientation of the adjacent grains, but at the free surface this
could extend over a larger area by reorientation of the dislocations in the
bad fit region of the grain boundary, Furthermore if these processes are
contained within a small region of the boundary, a series of intrusions
and extrusions are formed fig 23 b. These processes do not assume that the
mirror image of the surface topography is produced within the bulk material
because the residual dislocations in the bulk may not be free to move far from
the regions of good fit, i.e. out of the volumes contained by the slip
systems, Dislocation interactions then take place to form dislocation
subboundaries and the substructure which has been so widely reported * 2.81.
As the number of cyecles increases, the unidirectional strain becomes larger,
and the dislocations produced will move from the pile~ups adjacent to the
boundary of mis-fit into the subgrain boundaries, giving rise to the
small scale surface roughening called rumples,202 due to the orientation

difference which must imposed by the high concentration of dislocations
fig 42 d, These reorientatic®s of the subgrains alter both © and X.* 6,1

44 44.



and thus other sources, now located within the subgrains, act in a aimilar
manner subdividing the subgrain‘into smﬁller subgrains, This is a process
which proceeds until the stable subgrain size, characteristic of the
strain amplitude, is achieved, If however local stress concentrations exist,
the subgraln size will be smaller than the average and this is in agreement
with the observations that the subgrain size decremsses as the erack front
is approached * 2,7,

The effect of this subgrain formation is to concentrate the plastic
deformation or slip in the subgrains thereby giving rise to the small
regions of intense slip within a slip band,

6.51. In a static tensile tests, where the strain is nominally
unidirectional, the same cross slip mechanism can take place within thé
grain boundary, but the dislocation still requires the initiation of the
five slip systemgogo relleve the stress concentration which exists due to
its presence, Hence the increase in the strain in a static unidirectional
test activates new dislocation sources in new planes when the back stress
prevents the source from operating, In this case the grain boundary offers
considerable interference to the transgrenular slip processes, The
hardness of the grain boundaries will incresse due to the increase in
dislocations and as a result of the stress concentration, additional slip
systems will be forced into operation to satiafy coherency across the
boundary.

6,52 Summary of "the model.

FPatigue 1is a progressive deterioration of the continuity of the

medium by subgrain formation through which the crack propagates, * 2.7,

The formation of the subgrains is related to the total region of slip
which is that volume bounded by the s8lip sytem and the boundary of

good fit, This subgrain formation is a result of the accumulation of
unidirectional strains at the ends of the slip bands or slip planes.

.The model quoted is a particular case for one slip system. If a screw dislocatior
emerged an edge dislocation would be left at the grain boundary which
cannot cross slip thereby causiﬁg a stress concentrations,

The general case will be a dislocation loop with its Burgérs
vector at some arbitary, but fixed angle $0 the surface and in this case
only the screw components can cross slip at the boundary or in the
region adjacent to the boundary. * 6,3,

6.6 Correlation with previous work in low strain fatigue,

" The nucleation of the fatlgue crack has been shown to be at .

or near the grain boundary, in both high and low strain fatigue, and with

some crack formation at the basa of the transgranular intrusions.
—45= ' 45.



This latter form of crack nucleation does not occur so frequently as the
21,31 19,22,50,203
work of Wodd have indicated. This probably arises

from the effect of 2 taper section across an intrusion which decreases the

*and others

vertex angle of the intrusion as well as deepening the damege Fig 10,
* 4.6, |

Stereo electron microscopy has shown that intrusions can vary
between semi-ellipsoidal scallops out of the surface, previously described
as tubular holes19
fronts or semi cylindrical slip steps, depending upon the orientation of the
slip direction to the surface. ( i,e. the alipped region in a . fatigue :
specimen,. after the initial work hardening, may be represented by a

to deep valleys several microns long with rounded

prolate spheroid ( ellipsoid ) whose major and minor azes may be inclined at

any angle to the surface,) This restricted elllpsoid of sllp comes about as

a result of the model postulated *6.5. Ses * £,7. ‘
Crack nucleation within the grain in low strain fatigue is -

confined to the regions of the matriz adjacent to the boundary c.f.fig 39 a.

or at the grain boundary itself c.f, fig 36 a, and this is

more marked in the case twin boundaries c.f. fig 40,

This is a result of the unidirectional stresses being buil{ up
at the ends of the glide planes, together with the imposed rotations an&
displacements of the grain as shown by the reference scratches. On this basis
therefore crack nucleation 1s not considered to be initiated from withiﬁ the
grain, This immediately opens up the question of the mechanism of fatiéue
of single cystals., The fatlgue of single cystals has been undertaken for the
examination of the internal dislocation arrangements by thin film electron

205-296' as opposed to surface investigations., These crystals

microscopy
form subgrains and the final crack propagation is between these subgrains *2.7.
but this gives little evidence of the nucleation method.

Kink boundaries have been reported 1o be the sites of crack
nucleation in bicystals of Aluminiumzo7

of the bicrystal was not orientated in the maximum ghear zone,) These

and in copper Whiskersg ( the boundary

results confirm the importance that the boundaries play in the crack nucleation

mechanism, If a single crystal of aluminium is anodised,the subgrains are
9till formed beneath the surface of the oxide film, but the cracking
3

associated with them is absent”, which suggests that there is a definite

link between the specimen surface and boundaries which separate regions of
erystallites of differing orientation, Thus the important factor lies not in the
physical grain boundary, but in the subgrain / grain boundary / specinmen

surface interfaces.

6,61 Optical exemination of the surface after electropolishing,

The reaction of an electrolyte upon the surfece of a metai is
"ohemical" in nature and therefore it would be expected that the reaction
depends upon the nature and profile of the surface, During this investigation
~46- 46.



it was found that 50/50v 0 Phosphoric acid- water was a poor

olectrolyte if the anode was vertical, in that it produced severe pitting, 405
Thompson and Wadsworth14 used this electrolyte in their sub-

surface examination *2,1 *432 and found that as well as showing up the

persistent slip markings, it also brought into contrast some features which had

remained unnoticed, Kemsle%ogoupd that this electrolyte onlj showed up

persistent slip bands if the surface was electropolished between 10 and

25 % iife, but were absent if thé speclmen was cycled to failure, This

guggests that the electrolyte was attacking the region of high dislocation

density, which are being formed in localised regions during the

incubation period of crack nucleation, * 3.31, Hence if the profile of

the slip band consists of a series of extrusions and intrusions of a2 similar

profile to fig 37 , with each change of surface curvature associated with a high

dislocation cpncentration73

s then the simple theory of electroyolishing,
viz, removal of metal at asperities through a viscous anolyte 1layer is not
bagically sound., With the three dJdimensional surface topography shown
in fig %7, +the amount of the surface which has to be removed in order to
leave little or no contrast at the slip band, depends primarily upon the
- differential polishing rates at the extrusion and intrusion fronts, Thus
surface removal by electropolishing is not considered to be a satiafactory
vay of ; '

1. investigating crack nucleation in fatigue.

2, determing .. an accurate estimate of the number of cycles required

to nucleate a microcrack.

6,62 Plastic- Carbon replicas,
Other evidence for the transgranular initiation of the fatigue

crack in low strain fatigue haz come from electron microscope studies

using two stage plastic carbon replicas. Stereo pairs from replicas

prepared by this technique have shown that the primery plastic film
exaggerates the depth of the intrusion or crack front by stretching * 4,33
4,31 This has led to thg negative replica of the intrusion being referred to

as tapered spikes49.

209

Direct carbon replicas are difficult to interpret fully

and do not reveal all the information when viewed in monovision as it is
impossible to obtain the third dimension from shadowing alone If however

the direct carbon replica is floated off the metal, and viewed to give the

third dimension * 4,26, * 4.31 , further information can be obtained.,
Furthermore there is no metallurgical preparation required nor do the

replicas suffer from any residual elastic/ plastic deformation due to gtripping

and therefore the introduction of known artefacts are considerably

reduced,
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6.7 Discussion of the fatigue mechanism.

The application of a cyclic stress to a polycrystalline metal
nroduces a ratchet type slip process within the grains resulting in a
high stresas concentration at the end of the glide planes. This requires
a small reorientation between the adjacent grains, This ratchet type
slip mechanism, and its accompanying grain reorientation has been
detected by the displacement of surface markers after 10 % life in
high strain fatigue. Whilst the displacement of a scratch is just
detectable in low strain fatigue, the same mechanism iz considered to take
place on a smaller scale and requires many cycles to become detectable.
as a suxface topographical manifestation, i.e. surface roughness or as a
resolvable displacement of a %}1scratch. Thus the application of a cyclice
stresa about a nean zero results in a self-imposed unidirectional strain
e.gs figures 26a,30cy32a, %*5.22,%5.24, %5.25. Many of the micrographs
given in the results and interpretation section (5.0) have been
interpreted using the dislocation model elaborated in %*6.5 which may
successfully be used to describe the unidirectional displacement +together
with the observed grain boundary delineation early on in fhe fatigue life.
This dislocation model is also capable of describing a possibdble
mechanism for the banding of slip lines into discrete bands e.g. figurés
30a and ¢, 32a, by cross sliping in certain regions,termed "good fit) of
the grain boundary as. given in *6.5.

The model postulates that 2 complex dislocation arrangement
is left bounding the volume contained by the slip planes and the region of
good fit, which may act as a stress concentrator for dislocation sources in
the adjacent grain. The model does not postulate the confinuous slipping
of dislocations through the grain boundaries, or the presence of the
mirror image of the surface topography within the bulk of the specimen:

A poszible reason for the formation of subgrains and the
migrating grain boundary is seen as a stress relieving mechanism in a poly -
eystalline metal. Considering first the subgrain formation as a result of
the proposed dislocation model %6.5 and *6,52, with the particular
cacse of an edge dislocation emerging from the grain surface {fig 42 a-e)
The continuous operation of this source under cyclic stressing would
produce several edge dislocations DC and DG (fig 42 e) and whilst edge
dislocations of a like sense and similar Burgers vector cannot directly
combine, it is highly probable that under the pile-up stress, which would
tend to stop the dislocation source from operating, these dislocations e.g
DC (fig 42 e) would combine and interact in a complex manner with those
dislocations in the bad fit regions of the grain boundary. The dislocations
e.x DG (fig 42 e) could not react in this manner, and so would occupy
a distribution within the grain and in a plane c¢ontaining the Buregers vector

and the dislocation line.
“g



. A aimple tilt boundary fig 41 a in the plane'DCG Tig 42 e can
be made by the screw dislocation ad only cross sliping, say % of the distance
CD before cross slipping in the plane parallél to ADFG Pig 42 e. The
edze B is again absorbed in the bad £it region of the grain boundary
bv dislocation interaction and the process repeated zgain except that the
screw dislocation ab only slipssay % the length of the distance CD ete.
If this process is followed by many dislocations, the characteristic surface
contour of the slip band is formed, ag has been observed by stereo electron
microscopy and surface markers, together with a subsprface tilt boundary..

Thus this subgrain formation is seen as a stress relieving

mechanism which cut the crystallites into smallér fragments, and their
formation, if on the proposed model outlined above, will account for the
small scale surface roughening e.g. figures 26c.%5,22; fig 37 a *5.3
~fig 39 *5.3. The average subgrain size decreases with cyclic stressing until
a stable subgrain size is reached which bears some relationship to the

71

éyclic strain amplitude *3,2, %*2,81 whereupon crack nucleation‘proceedé
e.g fig 31. due to grain/ Subgrain boundary slip because further subgrain
formation 1s thermodynamically unfavourable &t the particular cyclic
strain and stress concentrationy i.e. its ductility is exhausted.

The continued operation of the Frank Read source ab fig 42 a in
the manner described above will lead to extrusions of blocks of material
as shown by Q Q' in fig 39 a , 39 4 * 5.3. -

For this stress relieving mechanism of subgrain boundary
formation to be a possible explanation of the fatisue process, the
transgranular dislocations must be capable of cross slip at the subgrain /
grain boundaries. If the grain boundary is not favourably orientated for such
a process, 1t may be possible for the dislocations to pass through the regions
of mood fit trailing their edge components in the adjacent grain, and to
rejoin their parent grain further along the grain boundary. Hence when the
edge components reorientate themselves with the dislocations of the bad fit
region,the grain boundary moves into the adjacent host grain e.g fig 34 a
*5.27. Another possibility is that the boundary moves due to the
excess of dislocations on one side of the interféce e.g fig 29h as a
result of cross slip being difficult, i.e. those boundaries which do
not slip, migrate under a. suitable driving force 210 .to new
pogitions to relieve the build up of stress c.f. fig 43 b fig 30 a and Sither
3lip is initiated in the adjacent grain, or if rotation of the
adjacent grain occurs, +this migration can lead to crack nucleation at the
boundary c.f. fig 25 #5,21.

In most boundaries, migration can only be detected by grain

boundary slip as observed by Ritter and Grant 181 with aluminium at high

temperatures, This migration usually results from a difference in the
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concentration of =lip lines on either side of the boundary. If however the
2lip plane is inclined to the surface, this boundary slip can result in the
appearance of bent slip planes fig 43 e and fig 28 c.

51ip lines could also be glven a curved appearance if the
alip plane is inclined to a rough uﬁdulating surface c.f. fig 43 d *5.23

The unidirectional displacements within the grain increaseg with
inecrease of cyclic strain amplitude. This results in macroscopic reorientation
of the surface grains by a mechanism involving grain boundary slip over
resions of the boundary which are at 450 to the maximum tensile stress.
This in turn requires the folding of the adjacent grain to accommodate the
straing c.f., fig 27a fig 43 a . As this self imposed unidirectional strain
is greater with higher strain, these surface manifeatations are readily
detected in high strain fatigue than in low strain fatigue.

The transgranular intrusion is not a crack, which is defined as
the dechesion of the matrix at the surface. This follows from the observation
that the scrateh is continuous across the'intrusion, whereas a crack would show
a sharp arrest of the scratch at the crack walls., Some grain boundaries
" show glip activity in forming extrusions and intrusions in regions of the
interface e.g. fig 23 b %#5.21 fig 30¢c * 5,24. This slip activity within the
boundary could accommodate the grairn diasplacements and reorieﬁtations
required between the adjacent grains.Ilt cannot be fully estabiished that the
grain boundary intrusion is not a crack with a rounded crack front as it
has not been possible to observe a %}1scratch running directly across the
grain boundary intrusion front ( c.f transgranular intrusion sited earlier)
The failure to observe a }p scratch across the grain boundary intrusion
is due to the combination of low frequeney of occurrence and the regionalised

nature of the Phenomenon.

6.8 Discussion of Creep tested material,

The fatigue 1life of previously creep tested material ( to
producé intergranular cavities) *#4.8 might not be increased by the periodic
removal of the surface by electropolishing, indicating that the subsurface -
cavities are capable of crack growth to produce failure, by their
interaction with dislocations 211'.

In the cavitated material there is a greater region of
free surface to each grain, and the processes outlined in *6.5,which
could only take place at the free sufface, now take place within the
material at thg cavitated boundaries beneath the surface., The cavities in
the grain boundary can link up to form a microcrack whose lengih can be
of the order of 1 grain diameter.c.f. fig. 2l e and f, and this would 4end
to suggest that Wood's postulation *4.41 (No.2) viz. that pores are formed
in subgrain boundaries ahead of the surface based crack is not
substantiated experimentally.
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6.9. Deformation by Creep v Deformation by Fatigue. ~

Creep is a high temperature deformatipn  process which involves
grain boundary sliding producing cavities.212 This is in agreement with the
finding that single crystals do not produce any voids ( within the limits of
detectability )166 during creep,i1and with the selective experiments where
cavities have been observed to grow in conditions where grain boundary .
sliding 214 215,

More recent work 217,218, has suggested that the presence of a gaseous

can take place,whils? vacancy condensation could not

environment produces a greater degree of cavitation during creep than is

obtained in a vacuum, which would account for the increase in the density

of cavities near to the surface of a creep specimen.166’174. The ratio

%fbh * 4.8 iz given by Ishida 174 to be 15 % at the surface decreasing over
the subsurface layers of 10 thou ( 250}1) to 12 % which is then

consten t throughout the specimen,

Scaife and James 217

7 explain their results upon the reduction of
activation energy for grain boundary sliding due to - gaseous diffusion at
the boundary, thus making it easler for the grain boundaries to slide.

The fatigue fests reported in this thesis were conducted at
room temperature and by using surface markers , the grain boundaries at.the
surface were observed to slide in a region adjacent to their common interface
over small sec¢tions of the boundary. The deformation processes taking
place in high strain fatigue are very similar to those which have been put
forward for the mechanism of creep deformationl75. _

In fatigue of 0.F.H.C. Copper at femperatures between 30000
and 450°C , Gittins 210

cavitated 220. Gittins concludes from the fractional change in density for

found that the intermal grain boundaries became

materials of different grain sizes, that the cavitation is not produced by
grain boundary sliding. However Williams and Corti 199 found a greater
incidence of grain boundary cavities on those boundaries which were at 450

to the stress axis in a push pull fatigue test at 400°C which suggests that the

cavities are produced by grain boundary sliding, a conclusion which has

106.
beenm supported by metallographic evidence using a hydrided Mg-Zr alloy '

Hence fatigue at room temperature may be considered as a
microscopic unidirectional deformation mechanism which proceeds by surface
grain boundary alip at low temperatures and by internal grain boundary slip at
high  temperatures. The overall picture of a fatigue test at room
temperature 1s complicated by the proposition put forward in * 3,3 that
cyeclic stréssing is equivalent to a greater state of thermal activation.

This would embody the traditional high temperature deformation modesl75

which would lesad to the postulation that a fatizue test at constant stress and
elevated temperature should produce more intergranular cavities than a creep
test under the stress and temperhture conditions, a postulation which has been

observed by Gittins 221.
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It may be that the effect of atmosphere on the fatigue test is an
alteration in the activation energy for grain boundary sliding as well ag

an adsorption process.*2.9.

Conclusior ;.

1+ The application of stereo electron microscopy to primary carbon replicas
prepareyq from a scratched surface of an electropolished specimen has shown
that the fatigue process.has been accompanied by the sliding of the juxtaposed
grains at their common interface with the surface of the specimen, These
boundaries which slip were in the maximum critical shear stress and at 450 to
the plane of bending, and that sliding preceeded crack nucleation.

2+ The degree of grain boundary sliding at the surface increased either with
increase of strain amplitude or number of cycles. It is suggested that

the large number of stress cycles required to fracture a specimen in the low
strain region, where the S/N curve is shallow is not due to a fundamental
change in the mechanism of fatigue, but from the accumulative unidirectional

damage.

3. The application of sterec electron microscopy also shows that the intrusion
phenomena does not give rise to a high stress concentration, as the base radius
is many times larger than the radius of curvature produced by the intergranular

phenomena, ' -

4, Examination of two stage plastic carbon replicas by stereo electron
microscopy showed that rough surfaces gtretched and distorted the primary -

plastic replica to produce artefacts,

5« The transgraﬁular intrusion - extrusion phenomena is a surface
manifestation of the dislocations which have left the surface and are formed
by slip within smaller crystallites. These regions were not found to be major

contributors to crack nucleation.

6o The fatigue life of O0.F.H.C. Copper, containing intergranular cavities
formed by creep testing was not extended by the removal of the surface
layers after 25 % 1ife; These tesats were not sufficient in scope to
justify a more definite conclusion being reached as to thg effectiveness of

surface removal on the fatigue lif'e,



8,0 Future work, i
1. The application of stereo electron microscopy to direct carbon replicas,

which can be prepared from the specimen without intermediate specimen
preparation could be applied to tensile and compression test specimens

in order to investigate the displacement of scratches at the surface grain
boundaries,. '

2. The fatigue work should be expanded on bicrystals of known orientation
%ih inch., strip followed

by & high témperature anneal in vacuum to obtaln a large grain size, and with

which could be prepared as followa, Cold roll to

the grain boundary perpendicular to the strip surface. The orientation of the
two grains could be determined from a back reflection Laue photograph. Small
tags which must be spark machined out of the strip could then be polished and
scratched and stuck onto the surface of a fatigue specimen ( polycrystelline)
and fatigued in the same manner as deseribed by Mitchell end Teer.222

Direct carbon replicas could be removed from the surface tag *4,26 and then
examined by stereo electron microscbpy * . 4,31, The tags could then be
examined by thin film electron microscopy. ‘ |

3. A fine grained material ghould be creep tested to produce the inter-
granular cavities, so that when the speclmens are fatigue tested, the
amount of surface removed could be on the average be greater than one grain

diameter.
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MECHANISM OF HIGH STRAIN BENDING FATIGUE MACHINE.
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1

240 V ' -
. : VR 4.54 —OO——
NN °Tie n

. ~ ! DC output
B, - |

S 1 Toggle switch, double pole, on/off, 250V 2A, CH Choke. Formed By connecting secondaries of

F1&F22anp fuses. universal LT transformer for 40 V at 3 amp.

VR, Variac, 2.5 amp Primary not connected. '

TR, Universal LT transformer. Secondaries connected A Ammeter, moving coil, 0O-5 amp,

to give 27V.at 4.54 90 watt. V Voltmeter, moving coil, 0-30 volt,
BR, Ferramti type btridge full wave rectifier. F3 Output fuse 5 amps.

R1 &R2, Wire wound resistors 1J4.5 watt,
C1 &C2, Capacitor 8,000 FF 60V de max working.

CIRCUIT DIAGRAM FOR THE BENCH ELECTROPOLISHING UNIT.
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Specimen
holder

Plastic replicas on

ESHe s @

Fine mesh S pecimen ¥, 5

‘ hold
fauze Grogves or

Thermostatically controlled
electrical heater.

Specimen tray is tilted
slightly to allow the '

distillate to flow through
grooves and bensath the grids,

Apparatus for the redistillation of solvents for thick plastic films,

The specimens rest on a fine gauze which is clamped
between a grooved base A and a specimen holder B which is a pilece
of brass with holes alightly larger than the diameter of a grid,
This prevents the grids from floating away on the surface of the
distillate. | ?
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SURFACE REPLICAS

Surface replicas from fatigued specimen

Stage |

Plastic replica made of tension side of fat'ique specimen.

. AN ~ The very rough surface necessitates use of a strong
: \:- \V_\ \ \\\ Y \\ : -, .
Formvar )" " RN .\\\m“odwn A composite replica.
chloroform - ‘acetone
Staqe 2
l Carbon I‘P““ l Negative plastic replica stripped from the surface
fﬂﬂo"#'u'ﬁ"‘"“ R ad placed in vacuum chamber

SRS s fomwncotan — Carhon Jayer evaporated normal to the surface followed
by Gold-Palladium shadowing at an oblique anqle.

Collodion n acetone " Seliotape

Stage 3

o Support grid . attached to the carbon layer
mi o [ B " | and -l plastic removed in solvents.

e R T T T R

Copper grid ' | | Fl G | 6

Shadowing




Scanning Electron Micrograph.

High strain fatigue dwell tests. Expected 1life 1,200
cycles, Test stopped with the same surface in tensile
at 4 cycle and then every 18 cycles for ten minutes,
Test stopped &t 250 cycles. See also figure 33a. for
direct carbon replicas, Micrograph shows the rough
surface topography formed with intersecting slip systems,
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Stereo viewer
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STEREO ELECTRON MICROSCOPY.

| FIGURE 9
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Stereo Elecfron Micrographs Prepared Fron Negative Carbon Films.

Specimen history. High Strain Patigue. Expected number of

cycles to failure 1200, Replica taken at 250 cycles

FIGURE 10,
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Stereo electron micrographs from a two stage plastic carbon

replica taken from a low strain fatigue specimen at life 106 gcled

Both micrographs show intergranular and transgranular ecrackinge.
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Intrusion
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™~ If

§ \\ a b\ o,‘§\\

Metal Glass dropper delivering the
' plastic replicating medium.

/

Selotape A i )
: 7 Stripring
b W W L W, W W L WL O, W W, W W, /,
SOOI S s P e d //////
S
NN NN
>~ \\\\\
Plastic replica ready " The plastic replica shrinks
to strip. away from the sides of the

intrusion to release itself.

7/,

S
Thep%ic&ica necks

down and may fracture The last portion of the
leaving some plagtic

o ' plastic replica to free
behind. from the intrusion is fatter
than the trunk :

e | f

Residual elastic strain
ARTERPACTS.

gives 3,‘-’ : Yz 5/[ 2’ 1.Plastic lies parallel to the

surface. A' ,
2. Tip fatter than the trunk. B

3. Folding to give an archway.

4. Plastic film forms a cork
SCrev.

5« Tapered spike due to fracture.

ARTEFACTS
FROM PLASTIC
PRIMARY .
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FIGURE 1
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This region of the crack or intrusion front is removed.
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Effect of etchantr upon the internal structure formed by

' repeated quenche ; Specimen has been quenched into water
from 1,000 °C  tem times and then annealed at 300 C for 10
hours, Plastic carbon replica,.

Metallographic preparation, ¥ Alumina in a slurry with

a few drops of am.monia. and ammenium persulphate,

Final etchant Alcoholic Ferric chloride.

FIGURE 14




Fig. 15.
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Metallography of «Brass. ‘

« Brass showed negligible ductility at 200°¢ ~due to
the second phase present at the grain boundary x 550,
PREPARATION, Polished in a slurry of fAl

persulphate and ammonia,

s R T RS

2O3 and 10 % ammonium

FIGURE 149
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Specimen Stress Temp. Total Initial Total et i

time extension | creep ey Creep
hours, per cent, | per cent. | rate 6
e, x 10°

ip/in/hr,
5 8,500 249 2856 2.06 2.104 0.0064 7.2
4 5,190 249 1617 0.70 0.686 0.0042 1.8
8 10,130 204 2520 3432 2.07 0.016 3.8
6,580 204 1576 2,83 0.72 0.0055 2.0
7 11,820 149 2688 4,24 1.00 0.48 3.3
i 10,120 149 1236 2,20 1.78 0.0035 3.2

adeg

7
© 02 FEOPTI

Creep test,

to produce intergranular cavities,

Summary of tests at low temperatures, high stresses
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o ety ety L L

a. 4s récei%éafcéﬁpéf’briéf'té‘érepp testin
b, After creep testing-at 249 C , Specimen
c. After creep testing at 204 C » Specimen
d. After creep testing at 149 C , Specimen

T
[

g
Se
8.
2

e. oSpecimen 2/2 fatigued cycled for 75 % life. Micrograph shows internal

crack growth from the internal intergranular cavities near the surface,

f. As fig e. Crack growth 400.? below the surface.

METALLOGRAPHIC PREPARATION, Fig a-d. A1203

ammonium persulphate.

slurry with smmonia and

Flg e~f. Polished on brasso with intermediate

light etches in alooholic.ferric chloride,

FIGURE 21
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a. - Shows 3lip activity ai the grain boundary which has slippé&

.

at U.

PRI S S

o e

*
|
b
0

" C and intrusion B, taking place within the grain boundary.

b. Slip at the grain boundary may arise from grain boundary extrusion

HIGH STRAIN FATIGUE. Expected life = 1,200 cycles, Direct carbon
replica at 100 cycles.

Figure,

X
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Shadowing
direction,

HIGH STRAIN FATIGUE. Expected life 1,200 cycles. Direct carbon replica
at 100 cycles, Micrographs show early stages of surface deformation.
LEGEND. N, Microcracks at the intersection of the slip plane with the
grain boundary. G S1lip band intrusion. H Slip band extrusion.

8 Grain boundary movement or migration,

Figure. 24
80 8C



-i- u scratgh.

- .- -

@ Rotation,

Grain Bouhdary.

HIGH STRAIN FATIGUE. Expected life 1,200 cycles. Direct carbon replica
at 100 cycles. Micrographs show that the formation of a serrated
grain boundary is accompanied by the relative movement of the adjacent

grain, and the formation of microcracks K,

Figure, 25
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High Strain Fatigue.--Expected life 1,200 cycles. Direct carbon replica
at 200 cycles. The micrographs show the general phenomena of grain
boundary delineation, grain boundary rotation and regions in the grain

boundary which slip. These processes preceed crack nucleation in the

boundary at these strains,

Figure, - 26
82



HIGH STRAIN FATIGUE. Expected life 1,200 cycles. Direct carbon replica

at 200 cycles, Deformation in high strain fatigue proceeds by surface

"folding" or by intrusion formation (fig a at X.)(fig b at G.) and
fig c at B. In some cases these phenomena give rise to grain boundary
slip U with the formation of microcracks 0, grain boundary intrusions B

and microcracks at triple points U}

s Figure, 27
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FATIGUE. Expected life 1200 oycles. Direct carbon replicas
at 250 cycles. (a) Shows a grain boundary intrusion G from which
niorooracks J have nuoleated. The uppsr grain is undulating and shows

lattice bending f. (b)e Transgranular phenomena Q are steep slip
steps. (o) "Lattice bending” at the intersection of
slip planes with a slipped grain boundary.

. o s . | Fig.;re. 2 8
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HIGHA STRAIN FATIGUE. Expected life 1200 cycles. Direct carbon repliéa
at 250 cycless a and b ., Showing intergranular cracks between grains
which have slipped. (a)e Intrusions G, G%and G' Grain boundary
migration S and S'. (b). Slip within the grain end at a boundary
vhich separates two grains which have undergone different amounts of
plastic deformation.

I'T‘igure 2 9



HIGH STRAIN FATIGUE. Expected 1life 1200 cycles. Direct carbon replica

at 300 cyecles.a/Formation of grain boundary slip steps at the ends of
glip bands which may give rise to grain boundary microcracking

Pig b formation of a intrusion B in a grain boundary which is also

host for a crack A. Fig c. chows a triple point crack A' formed from
grain boundary slip as a result of unidirectional deformation as

shown by the displacement of the azcratches W and Wi

' Pigure. 30
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Gfgin Boﬁﬁdar&vat'”
45 %0 the tensile stress.

hase of the .
intrusion

|Crack.

Miorocracks at , 3. A,
the end of the o ection acroas

slip plane but
in the grain boundary.,

HIGH STRAIN FATIGUH, Expgoted,iife 12€J eyoles, Direot carbon replica

at 300 eyoles, Formation of grain boundary mloresracks N at & sliding
grain boundary '

Figure, 31 .



(a) Stereo electron micrographs showing the unidirectional
displacement of % }x' scratohes W

. G ¥ oy
bt e ah o

—

(v) Shows the d:lspla.demon'l'; of two parallel scratohes. The displacement:
of the scratches are different over a distance of 2}1 -@+ge at W' and i_f_"

DISPLACEMENT OF % p SCRATCHES DURING HIGH STRAIN PATIGUE.

Figure. 32.
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BIGH STRAIN FATIGUE IWELL TESTS. Expeqted 1ife 1200 oycles. Test
stopped with the same surface in t_ena:llﬂ'e‘ at 4+ oycle and then every 10

cyoloé. for |10 minutes. Shows orack nuoleation at the intersection of
slip systems.

L_..; e ki,

- A -

COMPRESSION FATIGUE. Direot carbon replicas at life 10° éyole;.

By . )
(b,)'D at the grain boundary includes slip giving an atomically smooth
surface

y lattice bending due to grain boundary deformation.
(c) Intrusion trirle point A and microoracks at the twin boundary V! ym+

89. Figure 33
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COMPRESSION FATIGUE. Direct oa.rh:ri raplicas at 1life 105 oyocles.

(a) Showing slip in the grain boundary after migration. S

(b) Outline of the grain boundaries in (a) before fatigue testing and

(¢) tke outline of the boundary AB fig (b) at replication, showing the
migration and rotation.

() Surface topography at a twin boundary showing large extrusions H -
and grain boundary microcracks A. ° ' 3 4

an . an



LOW STRAIN FATIGUE. ’
(a) Surface slip arrested at the } p soratches.

(v) Slip band arrested at the grain boundary, with grain boundary démé.ge
and nucleation of a microcrack at the base of the intrusion R.

-

(c) Displacement of scratches in low strain fatigue. This should de
vieved along the plane of the micrograph.

91. | Figure. 35 .
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IOW STRAIN PATICUE. Life 107 cycles, Replif:as at 9.8 x 106 cycles.
(a) An intruding grain boundary showing the nucleation of several

microcracks A

(b) Grain boundary deformation near a triple point. ﬁrsin boundary slip
can be detected at U , U* and g»

-

Figure. 36
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|Low strain fatigue. Life 107cycles. Replica at 9.8x106c,ycles.

Stereo electron micrographs showing grain boundary slip (u).
The lower grain has undergone severe deformation and shows the
intrusion { @ } / extrusion ( H ) phenomena.

Intrusion

Intrus

b - : . C.

]&esult of stereovision. Monovisivn interpretation.

TOPOGRAPHY AT Q"

FPigure, 3 7

- 93-



e e R A 72 1

region of good fit.

;”,,JJ/

Grain boundary

IOW STRAIN FATIGUE. Direct carbon  replica at 3.4x106 6ycles.
Cyclic deformation resulting in grain boundary extrusion C and C'

Figure.

94.
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LOW STRAIN FATIGUE.

(a) General view of the surface topography developed during fatigue

(b) Line drawing of the grain boundaries in (a)
{¢) Line drawing of the grain boundaries in (d).

(2) General view of the surface topograprhy developed in fatigue.

(@]

38.

Grain
Pigure

¢

P plane intrusion.

Grain boundary intrusion,

B
J Intrsuion cracks.G Sli
9s5.

A grain boundary ecrack,
extrusion,

LEGEND.
boundary
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. 1LOW STRAIN FATIGUE,.

(a) Slip concentrated at twin boundaries leading to boundary
and transgranular miorocracking J!

slip steps

{v) Severe surface roughening due to 8lip concentration at the grain

boundary region, )

- Q& -

Figure t;()
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.- ‘9 slip
plane

slip plane™ |

7’

4 Rotation axis

Grain boundary as an arrangement
of edge dislocations.

Grain boundary as an arrangement
of screw dislocations.

d
Effect of a screw dislocation Effect of a: screw dlslocatlon
upon a + B scratch upon a + P scratch
et '
A " Face A Face B
/ we. ‘ Slip step. No slip step.
' - 8lip dlane l
shear _l'_
Screw disglocation. R P
Seratch Seratch
c di e

Effect of an edge dislocation
upon a + P acratch.

Edge dislocation

upon a

Effect of an edge dislocation
%‘P scratch,

Face A

Face B

shear /° . A Eg_ﬁiiﬂ_ﬁﬁgp. . Slip step.
! slip| plane |
i 1/ \i
A i.--_--|-_-: I
Sk ‘ s A
. scratch scratch
f ‘._‘-_ )
Figure, 4]
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Grain boundary Loop
—_———
held up .
Frank Read source AB a at grain boundary. .
free surface free surface
Grain bounddry
Jn Region of | ; . N
— rogg slip
Rad i /////4 ol the screw
gh b in the region
Screw component oF tood fot
~JRegion of gzood
fit b edge

_ Original dislocation
[

extruded block /// free surface Grain boundary

grain PR

%
¢
;

F?

slip band.,

ty

residual edge

»

Screw component ab now slips on
the reverse stress cycle. e f

Fi;gure. 42
98



Grain bounda;;\\\\\
) slip --JN

% P scratch

Folding

Screw dislocation emerging

leaves an edge component in
the intrusion;/

oo out |
Edge out
gerew in the
intrusion

rumple or wrinkle on the
surfac%/

4

slip lin
bent.

slip direction

slip plane

slip planes
near the
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”
rd
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Grain boundary

Grain boundary
slip step.

e
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s11p in the
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L grain,

Good fit.

Ease of operating the slip
packeta 1< 2<3,
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. © a m‘ o a o 2
g SRR o 0 — o o o o )
= m\d g oo L] o O Gy G O c.a.':'?) o a
o £ D . . QO o ©
Solad B1A5 |an | E557 |55 (5w | (5|85 sn| 58] s9as | | B3
B |8 w [WY feE | WulE8 | L2 88 Wy |58 e s ve| dE0% o
oo~ )] N — - - X i
S | & SR A8y |28 | ORAE | 8w [F8 [ 8% (B8 |9« 48]0k d4R% o8
X
/1 22.6
1/2 1149 | 3.2 4.9
1/3 4.16.
571 0.514 | 255, | 1.01 1.31
2/2 | 208 | 2.0 [1.756 | 25m |1.638] 50u | 0.671| 50 |0.23 53
243 0.68 | 254 [1.95| 50k 0.144 e
2[4 : 19,
4;1 4.5 75p |5.535] 50pm| 3.013 12.8
4/2 : 13,2
453 249 | 18 14,109 | 75 |4.135] 50p | 3.0 | 50 |1.857 13.4
4/4 2246
571 1.213 | 50pm 11,79 37, | 1,77 | 25 1464 6.41
5/2 | 249 | Ts2 11,213 | 50m [0.14 r 4 135
5/3 30,0
554 1.51 | 75m |0.258 1.76
71 S 4 6.2
752 1149 3,3 1.45 42pm | 0.537 I 2.0
/3 6.13
754 ‘ 1.96 42pm [ 1.63 55m | 1.8 60pm | 1.16 | TOm [1.636 | 40 [2.38 ] T5. | 1.4 12,16
81 T i i T
4.
842 sor | 3.8 (1°72 | 32p |11 0 8Tk | 1.65 5.?2
8/3 . 1.51 45 1.75 100 1.52 25 1,904 { 75 1.83
8/ # r ® M 8.51
The figures below for the control specimens refer to the number of cycles in each 25 % life (x105cycles).
At these stages 25 u was removed from the specimen surface prior to fatiguing for another 25 % 1ife,
<4 | '
g 1.96 | 1.24 15.71
SEE 1 1.6 1.82( 1.8 1.79) 1.8t | 1.8 | 1.8 . . .
p@cﬂi\i 1'435 b B s | 18 1.7 1.7 1.7 |1.65]|1.81 1.8|1.6 1.7 (1.5 |1.4 23,41
o :
Average life of 7 specimens continuously cycled at this stress was 6.2 x 105 cycles. (lives x105= Te245e8,6.5,6,3,6.8
6.4, 4.0.

Table 1 Effect of surface removal after 25 % fatigue life on fatigue specimens machined from previously creep

tested material,



TABIE 2 Summary of Grain boundary slip and Rotation.

No of cycles
to failure

Strain Range

to.08 % 1,600
0.98 1,600
1,16 1,200
1.16 1,200

0,98 1,600
1.0 1,600

4

Compression fatigue.

10 "cycles

Low strain fatigue.
107

No of cycles at

observation.

100

200

250

400

500

1O4cycles.

107 ;
9.8 10

Rotation

(degrees)
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Displacement
(microns)

just detectable

JE01 0
0.75}-
0.05

ned” 3.0
0.05,

0.1

J.D

J.D

0.1
triple point

51

1. !
2.0

A7 J.D.
0.05u
__Lr

Grain boundary
cracks,

No

No ‘

Yes Legend

yes Slip parallel to the
Yo boundary is shown /¢
Yes

Yes Slip perpendicular to
Yo the surface is

No shown L~

No

No

Yes
Yes
Yes

No
No
Yes.

Yes
No
Yes
No

No
No
No

No
Yo
Yo
Yo









