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ABSTRACT

The relationship between slip character and resistance to

1~king under unidirectional and cyclic loading conditions is
ticussed for those single phase solids free from interstitial effects.
!p character is viewed in terms of the appearance of slip bands as

~nled topographically by light microscopy and in terms of the form

| distribution of dislocations as revealed by electron transmission
{oroscopy. The controlling process is considered to be cross slip

{~h can be correlated to the rate of unidirectional strain hardening.

Increased difficulty of cross slip intensifies strain
~tnin glide bands, induces planar glide, increases the slope of the
Il stress grain size dependence and thereby increases the pro-
ility of crack formation. Examples are given where changes in

character override the importance of the temperature dependence
e yield stress in the determination of the ductile to brittle
wmisition.

In contrast, cross slip promotes the process leading to

ture under cyclic loading conditions. Examples are given of the
ince of ease of cross slip on the development of slip band topo-

1y and the nucleation of cracks. It is pointed out that a reduction
‘ncking fault energy can lead to an increase in resistance to

ue, but relative to the macroscopic yleld strength of homogeneous
‘rials there may be no apparent ilmprovement except in cases where

ic hardening is pronounced.

The growth of fatigue cracks is related to slip character
nrily through the effect of slip on strain hardening. The effects
line strain, plane stress, and strain amplitude on the crack growth
liscussed. A generalized expression for the rate of crack growth

~iven which is related to the fourth power of a stress intensity para-
~r and the unidirectional material properties and is shown to be
wwreement with experimental results.

. Scientific Laboratory, Ford Motor Company, Dearborn,
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INTRODUCTION

The recognition that cracks are formed in crystalline
solids as a consequence of plastically induced stress or strain
concentrations, carries with it the implication that the nature
and distribution of plastic flow at the onset of yielding can
hav; a controlling influence on the stress and strain at fracture.

In fact e is now good experimental evidence, obtained wi jonic
solids,(lS?2$?33 alloys capabl if rder-disorde; transitions%ﬁ)J(831
and iron-base solid solutions,?6 7? that the character of plastic
derormation (by glide) does indeed determine fracture behavior under
both unidirectionsl and cyclic loading conditions.

The aim of the present paper is to review the relation-
ships between slip character and resistance to fracture. A
description will be given of slip character in terms of surface
topography, dislocation configuration and cross slip, followed by
a consideration of the effect of the propensity for cross slip on
the rate of strain hardening in the early stages of deformation of
polycrystals. The relevance of slip behavior to the formation of
cleavage cracks will then be discussed in materials where inter-
stitial locking of dislocation sources and second phase particle
effects are absent. Finally, the interplay between slip character
and fatigue phenomena will be described.

SLIP CHARACTER

It is convenient to qualify what is meant by slip i
character by referring to specific examples., For instance, the
slip bands in an iron-33% silicon alloy beryllium and magnesium
oxide deformed at low temperatures appear planar when viewed in
a conventional light microscope, i.e., each slip band trace in
the surface is straight. In contrast, the slip band appearance in
pure iron and silver chloride deformed at room temperature is wavy. E |
For these examples there is a clear and straightforward distinction
i? slip character as shown in figure 1. However, conventional
microscopy may not be sufficiently discriminating in those situations 2
where slip traces are more or less similar, but there are subtle
differences in the fine topographical structure of the slip bands.
A better assessment of slip character can be obtained through the
use of electron transmission microscopy. In this case the basis
for c?mparison lies in the arrangement and configuration of dis- i
locations within glide bands. For example, we may observe cells of
densely tangled and jogged dislocations containing many dipoles as 4
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. rigure 2a; or, in contrast, the dislocation arrangement
‘haracterized by long straighter segments which are distri-
i1 more uniform manner as in figure 2b.

lsven though there is no clear cut spatial correlation
internal dislocation arrangement and surface displacements,
Lisible to relate qualitatively both the changes in slip band
and dislocation structure to changes in dislocation
The particular process which we feel is of fundamental

tice

‘ance is the spreading of slip from primary slip planes to

iy systems within a glide band. The mechanism that appears

wst significant is the cross slip of screw dislocations. The
wsily this process occurs the glide bands tend to become more
« lecause deformation can spread in directions out of primary

{lunes. TFor a given plastic strain, the average shear strain

tn cach band is less, the greater the propensity for cross slip.

ms of dislocation arrangements, there is good evidence that

formation, consisting of tangled jogged dislocations, is associated

¢ ability to cross slip, whereas straight uniformly distributed

tions reflect more difficult cross slip.

In the fcc lattice, the rate controlling feature of cross

i the transfer of a screw dislocation from one {lll] system to
v {111}; this probably depends upon the constriction of extended
itions which in turn is a function of stress, temperature and

¢ fault energy. The velocity on the secondary {lll} system 1is
‘Lion only of the locally resolved shear stress. However, in the
Ltice wavy glide requires cross slip of screw dislocations from

lanes onto {123} and {112} and in the rock salt structure, wavy
requires cross slip between {llO} systems and {lOO} and {112}
cases, the relative velocities of dislocations on the respective
control the cross slip processes that determine slip character.

e

In many ordered alloys, glide is accomplished through the
I ol superlattice dislocations that consist of two unit disloca-
‘onnected by an anti-phase domain boundary. The separation of
«0 unit dislocations increases as the ordering energy decreases.
teen found(9)(10) that in many ordered alloys (Cu Au, Fe-Co)
is planar. The reason for this is that if the leaging unit
ibion cross slips out of the plane because of a local stress
iun, the trailing dislocation senses the superposed repulsive
. ol both the leading dislocation and the obstacle which caused
iitial cross slip. As a consequence, the trailing dislocation
the glide plane not at the same point as the leading dislocation.

‘otal superlattice dislocation does not lie on the cross slip plane

wcretfore cannot move very far. The possibility of non=-coordinated
ilip, therefore, decreases the frequency of a superlattice dis-
ion cross-slipping as a whole onto a neighboring plane.
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CROSS SLIP AND STRAIN HARDENING IN POLYCRYSTALS

An important aspect of the fracture of single phase
polycrystalline aggregates is the stress dependence of the pro-
pagation of plastic flow from one grain to another. TIn general
terms, the significant factor here is the effect of grain boundaries
on the strain hardening rate in both the micro and macro stages of
plastic deformation. Recent studies have shown experimentally that
any factor, such as alloying or a change in degree of order, or a
reduction in temperature, that decreases the ability ® cross-slip
(manifested e.g. in terms of wniform distribution of straight
dislocation segments) increases th? sgrain hardening rate of a
polycrystal. For example Ku et al 11 found that aluminum in solution
(which lowers the stacking fault-energy of copper) has only a small
effect on the micro yield stress of a series of copper-base polycrystals.
However, the addition of aluminum significantly increases the grain
boundary contribution to the macroscopic flow stresses, as shown in
figure 3. 1In other words, the restriction of cross slip has increased
the initial strain hardening rate. Thomas 12) has also pointed out
that a decrease in stacking fault energy increases the yield stress
ol g-brasses. Related observations have been made in iron-base solid
solutions, namely Fe-V and Fe-Co;\6/ these solutes were shown to change
the dislocation distribution from tangled cells to more uniform tangle
sepments, and also to increase the initial rates of strain hardening
> polycrystals.

A decrease in temperature has an analogous effect in that
dislocations in deformed material become more iformly distributed
(6] 618 he=d
and less prone to form a cellular structure(l3 . The increased
macroyield stress appears to retflect in part, the increased difficulty
of %r??s ilip and the consequent increase in the rate of strain harden-
ing

The extent to which the ability to cross slip influences
the initial rate of strain ?ar%ening may be assessed by using the
approach of Armstrong et al 16 as a frame of reference. TFor a given
plastic strain, the maximum shear stress, v, that a region containing
a slip band can sustain in a polycrystal of grain size £, is given by

T = LA + ksz_% (1)

where 1 15 the shear stress necessary to generate the slip band in a
crystal having no surface constraints of similar orientation with respect
to the direction of the applied stress. At some arbitrary small strain,
T ,will include the additional stress that reflects the necessity for

a slip band to cut through other slip bands formed as a conseguence of
multiple slip. ksz'§ is the extra shear stress that must be imposed to
generate slip in the neighboring grain at each end of the slip band from
dislocation sources at or near the boundary.
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>y a randomly oriented polycrystal, the operable slip
in the neighboring grain will not, in general, lie in the
01" maximum shear stress provided by the above slip band.
crmore, since 5 independent slip systems are required t? enable
rnin of a polycrystal to deform macroscopically (Von Mises-
o criterion), more than one slip system must operate in the
loring grain to accommodate the displacement associated with
impinging slip band. The number of slip systems required can
from 1L or 2 for a simple tilt boundery, to five systems for
sientations involving large angles of tilt and twist. Armstrong
llowed that for a planar slip band, kg is proportional to mr _,
! ., 15 an average orientation factor that is appropriate for the
\ion of the necessary number of slip systems in the neighboring
.i rt. 1s the shear stress necessary to generate dislocations
ources at or near the bouwndary.

The value of k. depends upon the plastic anisotropy of the
{1 in question; it decreases as the number of available independent
ystems increases and as the ability to cross slip increases.
;ssible effects of easy cross slip may be suggested: a) the
liclion of broader and more diffuse glide bands which impinge upon
.+ areas of intergranular surfaces increases the probability of
jassing dislocation sources in the grain boundaries; b) a single
,ation source will be able to activate two independent slip
s in neighboring grains at lower stresses than if cross slip
iirficult. This latter effect is closely related to reduction in
tress dependence of dislocation multiplication which is most
cLant in the determination of the macroscopic yield stress (i.e.,
lwotic strain of 1073 ). Certain solids are more plastically
‘Lropic at low temperatures, e.g., hcp metals zinc, beryllium,
., nd rock salt solids like sodium chloride and, therefore, manifest
»yer grain boundary strengthening effects at low temperatures.
cuhan et al(7) showed that the flow stress of AgCl was sensitive
nin size at T7°K, because the deformation was planar, confined by
i large to the {llO} system. At room temperature, however, silver
loride deforms by wavy glide in which screws can freely cross slip

vween {110} {100} and {111} planes; at this temperature grain size

1 very small influence on the flow stress. Groves and Kblly(l

- calculated the number of independent systems available in different
/ital structures, they found that for the rock salt structure, if

is confined exclusively to {llO} planes, the number of independent

tems is only 2; similarly, for slip confined to the basal planes

'p metals, the number of independent slip systems is only 2. Under
;o conditions grain boundary hardening is very pronounced since the
-Mises criterion is not readily obeyed and because high applied
»;ses are needed to propagate slip, such materials are essentially
ittle.
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In summary, therefore, slip character is viewed in terms
of the appearance of slip bands as revealed topographically by
light microscopy and in terms of the distribution and form of dislo-
cations as revealed by transmission electron microscopy, as shown in
Table I. The controlling process is considered to be cross slip
which has been correlated to the rate of unidirectional strain harden-
ing of polycrystals.

CROSS SLIP AND BRITTLE FRACTURE

It is self evident that any process that restricts tensile
stress concentration generated by plastic flow will reduce the pro-
bability of crack formation. In a polycrystal the most critical sites
of high tensile stress are at the tips of blocked glide bands, as at
grain boundaries. The magnitude of such stress concentrations increases
with the effective plastic displacements associated with blocked glide
zones; these displacements increase with grain size and the strength of
the grain boundary as a barrier to slip propagation (i.e., the values
of Xg). An increase in the number of slip systems and in the ease of
cross slip will therefore decrease the probability of crack formation.
An advantage associated with the ability of slip to spread from primary
planes is illustrated in figure 4., In this example the width of the
band is much larger than the interatomic spacing. In the elementary
case of a simple tilt boundary, it can be seen that if the plastic
displacement D is confined to a single El?ne, the size of the virtual
crack produced by bend plane splitting( 9 is larger than those
generated by the same overall displacement distributed over several
slip planes.

In the general case, the site of crack nucleation within the
grain boundary impingement zone of a glide band will most probably be
an inhomogeneity in the form of a bore or precipitate, since the local
net fracture strength is reduced. If the precipitate or particle is
sufficiently large, it may itself crack which then causes failure of
the surrounding matrix as discussed by McMahon and Cohen(2o . Although
it is recognized that particle effects are very important, we shall
not consider them explicitly in order to focus attention on the role
of slip character.

The influence of the ease of cross slip and the number of
slip systems upon fracture are difficult to analyze rigorously. The
ultimate solution of this problem lies in being able to calculate the
magnitude of local stress concentrations in the strain hardened state.
Until this is accomplished the approximate approach of Armstrong et al
is useful because it involves parameters that can be experimentally
determined, namely the flow stress at a given strain and the Hall-Petch
slope k¥ obtained at the same strain.(21§

*The slope k of the tensile flow stress-strain size relationship is given

byk:m.ks.
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It can be shown‘®?) that the condition for crack formation
can be expressed by the fundamental equation

onb 2Avy (2)
where ¢ = applied tensile stress
nb = plastic displacement of a blocked shear zone or band
equivalent to a pile up of n dislocation of Burger's vector b
Y = energy dissipated per unit area of crack surface
A = a constant

In the solids of interest to us here, namely, single phase
polycrystals free from interstitial locking effects which are important
in steels, the stress strain curves are general%g 3mooth without Luders
band formation. In ionic solids and bee metals(2l » the stress to form
n crack is more than that necessary for propagation to complete failure.
No evidence has been obtained to suggest that stable cracks are formed
in a uniaxial tensile test at stresses much lower than the fracture stress,
in contrast to the situation in steels where included carbides, etc.
provide sites for premature crack initiation, McMahon and Cohen(20),
Therefore, the above expression represents in principle the condition
for fracture. If crack forms at small plastic strains nb can be written
{n the approximate form(23

)

w =~ (- )% (3)
where i1 = shear modulus.
Since
v =kt nb:és- b4
from equation (2)
o kg ;B v (%)

Since ks is a microscopic measure of grain boundary hardening and is
therefore not amenable to experimental measurement, it is necessary
to replace kg by k/m. The method of d ri¥ation of the above equation
{5 identical to those used by Cottrell(22) ang petch 2&3 except that
the k parameter is now a function of slip character rather than a
function of interstitial locking of dislocation sources., It is
lmportant to note that when fracture occurs after about 3-4% plastic
strain, the approximate expression (3) is no longer appr?grﬁate in
that it grossly overestimates nb. Smith and Worthington 5) have
analyzed the complementary case wherein the number of slip systems
are considered in addition to interstitial locking effects.
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An advantage of incorporating a consideration of slip
character is that we can appreciate the role of solute elements
and temperature in a different and broader context. Hitherto, the
introduction of solid solution hardening elements and a decrease in
temperature have been thought to encourage crack nucleation simply
by decreasing dislocation mobility through the term To. However,
it is clear that we must inquire about how these changes also affect
the ability to cross slip and hence the slip character.

In ionic polycrystals of the rock salt structure the
ductility (plastic strain prior to fracture) increases rapidly in
that temperature range of transition in slip character from planar
to wavy glide. Primary {llO} glide bands grow by the multiple cross
slip mechanism in which screws cross slip on secondary {lOO} planes.
At low homologous temperatures, bands are intensely planar -- with
very high dislocation density. Indications are that screws move only
to a very limited extent on the appropriate {lOO} cross slip plane
before they then spread extensively on a parallel {llO} plane. The
total area swept out by dislocations on {llO] planes is far in excess
of that on {lOO} planes, therefore, to a first approximation the Von Mises
criterion is not obeyed. As the temperature is increased, dislocation
mobility on {lOO} cross slip planes increases and screw dislocations
move further before moving back on a primary (110) plane and the slip
bands get more diffuse. There is a temperature regime in which the
proportion of {lOO} slip is gradually increased, so that strain
compatibility can be satisfied to an increasing extent. If slip
could occur with equivalent freedom on both {110} and {100} planes,
then there would be five independent systems and the polycrystalline
aggregate would be ductile. In terms of slip topography there is
transition from planar to wavy glide. For example, when bromine ions
are introduced substitutionally in KCyp polycrystals, there is some solid
solution hardening but the most striking consequence is the increase
in temperature at which the slip mode changes (by restricting {100}
slip) with 2h3 corresponding increase in the ductile-brittle transition
temperature 2),

The effect of changes in the state of order in an equi-atomic
iron cobalt solid, solution containing 2% vanadium has been considered
by Johnston et al(21 who find similar correlations between slip character
and fracture behavior. The iron cobalt alloy is a useful one for study
because the wide variation in degree of order which can be obtained,
produces large changes in the initial flow stress and in slip character.
Moreover, this system does not mechanically twin before or during
fracture at the temperature relevant to the transition behavior. Finally,
since the interstitial elements are removed from solution by the vanadium
their effects are minimized. The contrast between the respective
ductile-brittle transition of disordered and ordered material is shown
in figure 5. Again a correlation of fracture behavior with slip character
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transition was found: in disordered material, deformation occurred
exclusively by wavy glide at temperatures down to -100°C below

vhiich planar glide bands began to appear. The ordered material
deformed by planar glide at all temperatures up to 450°C. A further
afgnaficant aspect of the behavior of iron cobalt was the fact that
throughout the entire temperature range, the initial flow stress

(e "~ .02) of ordered material was 30 - SO% less than the disordered
alloy, as illustrated in figure 6. In this example, therefore, the
sonsequences of the changes in slip behavior outweigh those of changes
in initial flow stress.

Another example of a lack of correlation between initial
flow stress and ductile-transition is afforded by the effects of
mlding vanadium to low=-carbon iron. As already pointed out,
inereasing vanadium content progressively restricts cross slip which
sauses a transition to occur from dislocation cell formation to the
ganeration of a uniform distribution of long straight segments (i.e.,
vithin glide bands). From figure 7 it can be seen that there is pro-
#ressive increase in ductile-brittle transition temperature at the
vanadium content is increased. 1In contrast, the yield stress passes
through a minimum as vanadium is added, as shown in figure 8, this
aof'tening effect is considered to be due to the removal of interstitials
rom solution in the form of coarse particles of a vanadium compound.

Each of the above examples are interpreted to show that
‘hanges in slip behavior that accompany increased difficulty of cross
ilip increase the tensile flow stress by rapid strain hardening
through an increased value of kg. The condition for crack formation
#iven by equation ¢ kgfZ 2 A is therefore satisfied at a lower value
of plastic strain ¢.

SLIP CHARACTER AND FATIGUE

In the previous section we have discussed the influence of
iLip character on fracture behavior under unidirectional loading
conditions. In this section we will be concerned with the extent to
which slip character affects fracture under cyclic loading conditions.
For convenience the subject will be considered first with respect to
the crack initiation stage and then with respect to crack propagation.

crack Iniation. Attention will be confined to the mode of crack
Initiation which involves the formation of a notch-peak topography

within the slip bands generated during cyclic loading. It is known

that cracks which originate at the stress-raisers created in these bands,
vrow at first along the slip bands and then ?t Sight angles to the
tensile stresses as indicated in figure 9?3) 26 As pointed out above,

523




A. J. McEvily, Jr. and T.IL. Johnston

the nature of the bands is strongly dependent upon slip character;

and the notch-peak topography ranges from a very irre r form i;
?;:Ziial; ;hi:h cross;slip readily, such as copper(27) and iron(T)

€ Ja), to a much more re r _form in

slip is difficult, such as Cu_%:i?28§ and FET§;if%§l?f¥23;:igb§rosS

The development of this topography appears to be an essential féature

of the fatigue process, and requires the coordinated motion of many
dislocations in order to create sharp surface discontinuities. In
materials wherein the slip character is such that the high stress
concentrations at slip bands are not easily developed, the resistance

to fatigue is e?tremely high. Examples of such materials are single
crystals of Mgo(29) and LiF(3) and also zine(30) crystals that are
orient?d for single slip and tested at 78°K. 1In each of these cases
there is very limited slip on the cross slip system, and although a
screw dislocation can easily move out of the primary glide plane, the
edge segment which develops on the secondary plane is relatively’immobile
ghiz iegmggt interferes with further slip locally and forces the slip ’
an O wilden rapidly, with the res -
oraphy in developed.y, ult that no sharp notch-peak topo-

) Crystals of this type exhibit another important characteristic
in that they harden to such a remarkable extent under cyclic loading
conditions that the initial flow stress can be increased by a factor
of 10. This hardening behavior is thought to result also from the
difficulty in cutting through the immobile edge segments within the
glide bands by other screw dislocations of the same Burger's vector
In these materials the fatigue strength at 107 cycles is an order o%
magnitude above the initial flow stress. This fact indicates that the
applied stress must be increased considerably before the necessary con-
centrated to-and-fro motion of dislocations can generate the topography
Ezg:iied for crack initiation. 1In practice, however, static failure

Y occurs eventual upon an i
graphical features are igveg markedr.lcrease o fosd, and the surface =ape-

From these examples we see that two interrelated aspects of
fatigue, namely the nature of the topography and the degree of hardening
ar? a function of the nature of the slip process involved. Since the
glide-band notch-peak severity decreases with increasing difficulty of
cross slip, is there not always a marked increase in fatigue resistance
as the ability to cross-slip decreases? At a given stress level and grain
size this is generally true, but measured in terms of the yield strength
(0:2% offset) of polycrystalline material there may not be any particular
gain. 1In fact for copper base alloys tested at room temperature, irrespective
of stacking fault energy and hence of slip band topography, the %at
strength at 107 cycles is approximately equal to the yield,strengthiggs
The yield strength depends upon the attainment of a stress level sufficiently
high so that rapid dislocation multiplication through a multiple cross
glide process can occur. Apparently this same condition must be met in
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order for the fatigue slip bands to develop, and in the absence of
any marked cyclic hardening, as will be discussed, these two levels
are approximately equal. Below the stress corresponding to 107 - 10
sycles, although fine slip can occur, the effects are non-damaging
#ince the concentrated cyclic motion of dislocations within glide
Wands does not take place.

. While it is true that the stress corresponding to a life
of LO’ cycles of these copper base alloys is equivalent to their yield
atrength, there are other materials for which the endurance limit is
much higher than the yield strength, for example the LiF which has
already been mentioned. The ratio of fatigue strength (107 cycles)
to yleld strength for a number of materials is given in Table II. We
#e@ for the f.c.c. metals copper and its alloys, aluminum, and nickel
that the ratio is close to unity. On the other hand, for b.c.c. iron
and for disordered NisMn (f.c.c.), the endurance limit is almost 50%
litgher than the yield strength. The aforementioned hardening behavior
of Mg0 and LiF suggests that a correlation between the degree of cyclic
hardening and the fatigue strength of these materials may exist. To
nigcertain if this is so, the cyclic load-deflection curves for a number
of materials were determined. The extent of cyclic hardening was measured
by cycling between fixed deflection limits until a saturation value of
load for a particular deflection amplitude was reached. Once a satura-
tion value had been determined, the amplitude was increased and the
value characteristic of the new amplitude determined. These results
are shown in figures 10 to 13, and are compared to the unidirectional
L oad-deflection curves. The specimens used in these experiments were
‘nntilever beams about 0.050 inches thick which contained a uniform
woment section. The cycling was carried out in an Instron machine
cquipped with an automatic chart recorder. The amplitudes were increased
. rodually and saturation was usually obtained in less than 100 cycles
nf'ter each incremental amplitude increase.

The curves shown for copper are similar in nature to others
btained for aluminum and copper base alloys. For the copper base
nlloys the degree of hardening decreased with decrease in the stac%%gi
rault ener%gu%n accord with the observations of Avery and Backofen
nnd Strutt . The fact that the degree of cyclic hardening is lower
the lower the stacking fault energy %s 3n contrast to unidirectional
behavior. As pointed out by Feltner 35 , cyclic hardening is facilitated
Ly ease of cross slip, whereas, as indicated earlier, unidirectional
hardening is promoted by a difficulty in cross slip.

It should be noted that for copper both the unidirectional
nnd the cyclic curves deviate from the initial straight line at about
the same stress level, i.e. the initial flow stress has not been signi-
ficantly altered by cycling. In contrast, the cyclic hardening curve
for iron shows a marked increase in resistance to plastic deformation
{n this region. These results suggest that where such marked hardening
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occurs, the plastic deformation required for slip band topographical
effects is not available and hence the tatigue strength to yield
strength ratio is raised. The reasons for the marked hardening in
iron in contrast to copper are not clear. The fact that slip is
generally more wavy in iron and more slip systems are available,
certainly suggests that ease of cross slip may be a factor. Yet
transmission microscopy studies of the internal structure developed
on cycling reveal no great difference. The carbon content of the
iron was of the order of 100 ppm and strain aging may be a factor.
For example, resting a specimen for a period of T2 hours after cycling
to saturation at a fixed amplitude resulted in a 14% increase in load
amplitude upon initial recycling. Some softening occurred upon
further cycling, but at least 10% of the increment was retained.

It is noted that the other materials in Table IT which
exhibit a fatigue strength to yield strength ratio greater than unity
also exhibited a high initial degree of cyclic hardening. For example,
in three of the four cases shown in figs. 12 and 13, the materials harden
considerably at low values of plastic strain. This hardening results
in a marked decrease in the plastic strain amplitude and an increase in
the fatigue strength relative to the vield strength. The hardening of
the ordered alloys is thought to be due to the non-coordinated cross slip
of the super dislocations leading to the creation of anti-phase boundaries.
However, the cause of the hardening of the disordered Ni alloy which
exhibits planar glide is not clear. In the fourth case, the disordered
FeCo-V alloy, which exhibits wavy glide, the alloy actually softens
slightly. For both of the nominally disordered alloys a degree of order
may in fact be present which is responsible for the observed behavior.
We note also that in the case of the ordered FeCo-V, cyclic load deflection
curves are affected by whether or not a yield drop occurs prior to cyeling.
If the load is increased slowly from below the yield region, and if the
surface is lightly abraded to introduce additional dislocation sources,
then the cyclic load-deflection curve remains close to the extension of
the initial load-deflection line. However, if on the first application
of load the yield is exceeded, then a sharp yield drop occurs and a
large number of dislocations is introduced. The cyclic load-deflection
curve is then displaced to a larger amplitude, and the slope is less steep.

As has been discussed by Manson(Bo), Morrow(37), and Alden(38)
the cyclic stress-strain properties markedly influence the fatigue behavior
in the finite life range. We see from the cyclic hardening response
of N13Mn, figure 12, at a given load level the plastic amplitude is
greatér in the case of the disordered material, and we therefore expect
that at any given stress level the life of the disordered should be less
than the ordered condition. Further, the rate of increase of plastic strain
amplitude is less in the case of the ordered alloy than for the disordered
alloy. We therefore expect that the slope of the S-N curves for the
ordered condition to be higher than that for disordered material.
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)
ion of the S-N curves obtained by Boettner et al for
E).t:::nzctmdttions, figure 14, reveals that the experimental findiigs
aré {n accord with these expectations. It is also noted that o yin
ti the case of iron, figure 11, is there a relatively sharp break
the oyclic load-deflection curve. This suggests that the exist:nce
af a well-defined knee in the S-N curve may be related to this type

af hardening behavior.

These studies of homogeneous, single phase materials
derve to underline the fact that although the cyclic hardening
vesponse is related to the nature of the slip process, there are
vnses, e.g., iron, in which the factors responsible for the degree
of hardening are not yet fully understoocd. It is_appropriate to
Araw nttention to the fact that many technically important materials
such as high strength aluminum slloys and steels exhibit fatigueh
atrengths at 107 cycles well below the macroscopic yield strengt
of the alloys. In such heterogeneous alloys, concentrated slip can
secur in localized regions below the macroscopic yield level and
thereby reduce the fatigue strength.

‘rnck Propagation. The process of fatigue crack propagation can be
i{vided into two stages as indicated in figure 9. In the first stage
(1) the fatigue crack advances along the initiating §lip planes: ‘in
the second stage (II) the crack propagates macroscopically at rig
angles to the tensile stress. Relatively little is known about the
wchanism of growth in the stage I, but stage II has been studied in
some detail, and it is with this stage that we will be primarily

oncerned .

In stage II the crack advances an increment in each cy?le, .
«th the characteristic ripple markings on the fracture surface %ndica -
{ng the syccessive positians of the crack front. As shown ?y Laird
and OSmith 353 these markings arise as a result of the blunting and .
resharpening of the crack tip during the loading cycle. Slip character
{n this stage primarily affects the degree of strain hardening at “
the tip of the growing crack. For materials in which strain harde? tge
{s high there will be a tendency for the plastic zone at the tip o .
crack to spread laterally and thereby dlunt the crack tip, leading to
‘he arrest of the forward progress of the crack in each cycle. In
materials of low strain hardening, this lateral spread is minimized .
with the result that for a given displacement of the walls of the crgc
the tip remains sharper than for a high-strain hardening material an
propagates further in each cycle.

To assess the role of stress in fatigue crack propagation it
{5 convenient to use sheet specimens and observe directly the crack

length as a function of the number of load cycles. From this information

n rate of crack growth can be determined. When plotted as a function of

- inates where g, is
n stress intensity parameter oyp/4 in log-log coord
the peak gross stress and 4 is the semi-length of an internal cr%ck, it
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is found that the rate is approximately a single valued function of
this parameter, (40)(31) py example of such a plot of results(%l) for
7075-T6 aluminum sheet 12 inches wide is shown in figure 15, for the
case of approximately zero minimum stress in the loading cycle (R = 0).
it 1s noted that the data curve () is not a straight line. At lowest
rates an asymtotic value of 0g/4 is approached which in this case is
1480 1bs. in.-3 2, and at the highest rates where the net section stress
is sufficient to cause general yielding, a considerably higher rate is
observed. However, over much of the range where the net section
stresses are elastic the curve (a) can be approximated by a straight
line of slope 4,(h2)(3l? (although in certain limited regions perhaps
another value for the slope would be more appropriate). Theoretical
support for a dependence on the f th power of o has recently been
given by Weertman?ﬁ:ﬁ, McClintock?lu‘“i), and Kraft g/%“S) A simple
bower approximation has the advantage that it allows comparisons and
computations to be made in s straightforward manner. Curve (b) of
figure 15 is included to show that if one supposes that a critical
value of the parameter Gﬁél must be exceeded before crack growth occurs,
which in this case is taken to be 1480 1bs. in.-3 2, then a plot of the
data in terms of the excess over this critical amount differs from
curve (a) considerably at low rates of crack growth. However, in terms
of the nature of the crack growth process there is no significant change
observed in the mode of crack growth that correlates with the change
from the flat to the steep portion in this type of plot.

For the present we will assume that the fourth power approxi-
mation holds where the net section stress is elastic. If we integrate
the equation

/e o ot s? (5)

sharply notched aluminum alloys of three different widths. We note that

the slope is close to the expected value over most of the range. The experi-
mental slope is less than % at both the high and low stress levels in accord
with observed changes in the growth rates in these ranges. That the total
lifetime is independent of width is a reflection of the fact that most of
the lifetime is spent where the cracks are small and insensitive to

finite width effects.

As the cracks advance in sheet specimens, an obvious manifesta-
tion of strain hardening behavior can be observed. The cracks grow
initially in stage IT along a plane normal to the direction of tensile
loading. After some distance which is a function of stress level, the plane
of separation shifts to a Ls5e° orientation with respect to the thickness
direction of the sheet. The region of transition has teen related to
the size of the plastic zone at the crack tip, with the transition
itself related to the distan%e ?t which the plastic zones extend
through the sheet thickness. ke The first part of the growth ic
in plane strain, whereas, after the shift plane stress conditions
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prevail. Let us inquire as to the relative rate of growth undir
these two conditions. Integration of Eq. (5) between the limits
£t « 4 _and 4 = £ leads to the relation

o

ve (3 -1 @

vor a fixed value of g,, the number of cycles for a given value of
¢ versus the parameter

‘L -t
L, 4

ahould plot as a straight line. Figure 17 indicates thi ?eiﬁi:iegf

an nnalysis of data for two aluminum alles at g, = 20 i;e e

tn this manner. We see that indeed straight linés descr ; -
data in the early stage, but that a break oc?urs as the cracts gi v
tn length. This break corresponds to the shift frog plane S2ialllo
plane stress. It occurs at a smaller crack leggth in the 20 .a Y
tacause its lower yield and higher work hardening ?ate resulttﬁg a
larger plastic zone at a given crack length. Examlnati?n oi elztress
figure also indicates that the cracks grow more.slowly in plan Jures
than in plane strain, although this difference is not prqno;?ce e
the data is plotted in a log-log plot of the ?ype shown in gurih z
Uirect evidence for this difference is given in these alloys by et
fnct that the crack front is curved, with thg plane‘stre§s region a
the surface lagging the plane strain region in the interior. Thih
renson for this difference appears to result frgm the fact.tya?t ef
tmposed deformation must be assimilated by the 1mmeqiate v10121 Yy Owith
the crack tip in the case of plane strain, whereas in plane s resi' .
!'nrger amounts of accompanying plastic strain the imposed @eforma io
‘nn be assimilated to a greater extent by the large? plastic zone,
thereby imposing less of a local strain on the tip itself.

e fourth power relationship may be used as a general
upproximatfgn to compgre the behavior of a variety of alloys as sh:gg—
fn figure 18. It is seen that for a given value of o/4 that a ion .
orable range in resistance to fatigue crack gr9wth exists. Wha ir
the factors which determine the relative position of thgs?uggrve§.h
A pguide in this matter is provided by Wéertman:s analysis whlsth »
indicates that in a non-strain hardening material the rate of gro 4.
¢iven by

i—;ﬁ o (7)
uY0§
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Here p is the shear modulus, vy is a Bilby-Cottrell-Swindon(hY)
surface work term, and ay is the yield strength. We also know

that the increment of crack growth per cycle involves a highly
localized plastic deformation process as the crack tip blunts and
resharpens during each loading cycle as shown in figure 19. It is
noteq that the serrated nature of the cracked surface results from

a sliding off process which alternates between the two plastic zones
at the crack tip. Inasmuch as the material at the crack tip is not
cycled for many cycles at the peak local value during propagation

wg consider that this process of separation is primarily a unidiréc-
tional process and as such is governed by the conventional tensile
behaYior of the material. If the plastic deformation process is
considered to be a plastic instability phenomenon(45) then we can
relate the peak local stress to the tensile strength gf the material
which is also governed by an instability process, and therefore
replace oy by o, in the Weertman expression. In addition, the Y
term represents the work of separation, which we take to ée equivalent
to the area under the stress-strain curve up to the tensile strength
and, therefore, includes the beneficial effects of strain-hardening
Thus y can be approximated by the quantity '

v (Y, (8)

where €, is the strain at the tensile strength. We replace the
shear modulus, p, by Young's modulus, E, and eq. (7) then becomes

as * P
ﬁ o o, + O (9)
Y u
( 2 j> euoiE

The data of figure 18 when plotted against the parameter

L .
(L= e )

2

are shown in figure 10. Except for the 7075 aluminum alloy the data
fall in a narrow band indicating that the above parameter is useful

in rationalizing the behavior of these materials and in effecting a
reasonable correlation. The exceptional behavior of the TOT75 material
may be due to the destruction of the GP zones by dislocation cutting
facilitated by the concentration of deformation at the crack tip as a
result of the material's low work hardening capacity. Such a process
would lower the value of oy locally and account for the discrepancy.
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One important aspect of this analysis is that it points out
that nlloys of much greater resistance to crack growth cannot be anti-
sipated because large increases in unidirectional strength result in
such omaller increases of the controlling parameter. The results also
tndicate that so long as the alloys remain stable an estimate of the
rate of growth as a function of temperature may be made if the
appropriate stress-strain and modulus values are available.

In this analysis the effects of slip mode have not been
explicitly discussed. However, they are present in controlling the
wiidirectional strain hardening rate which affects the area under the
stress-strain curve and the value of g,;. It is emphasized that the
wnidirectional properties of the material as influenced by slip behavior
are of paramount importance in crack propagation, whereas in the
fnitiation stage, especially at low stress levels the effects of slip
#ode on cyclic hardening must be taken into account.

Thus far we have considered only cracks initiated at stress
raisers, in which case almost the entire lifetime of the specimen is
ipent in crack growth. It is of interest to know just what portion of
‘e lifetime is spent in growth and what portion is spent in initiation
for winotched specimens. We approach this problem by considering two
innpes of applied strain. In one case we consider the range leading to
low cycle fatigue, smd in the other we consider those materials which
sxhibit fatigue failures below the yield strength such as steels and
aluninum alloys and for which the 4th power approximation can be used
*a describe the rate of crack growth.

Experimental studies in the low cycle range with unnotched
pecimens show that crack propagation occupies a major portion of the
total lifetime, alt?ﬁgﬁh for most of this crack growth period the cracks
ny be quite small. It is the similarity in the nature of the
latormation at the crack tip which accounts for the fact that so many
tuctile materials exhibit about the same lifetime as a function of
inrge plastic strain amplitudes. A relationship between the applied
itrain range, e, , and the fatigue lifetime can be obtained on the
tasls of crack propagation as follows. Figure 21 shows the results of
an oxperimental determination using electron and light microscopy to
lotermine the spacing of ripples on the fracture surface of copper

pecimens as a function of a strain intensity parameter,erfl. In this
range the experimental results indicate the rate of crack growth is
glven by

@ s
ax,, a €, 4, (10)
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where N is the number of cycles spent in the ripple stage of
growth ?stage II). If we assume that the stage II of growth starts
where the strain intensity factor er/z at the base of a notch
created by slip reaches a critical value (e 4),, and that final

fracture occurs where another critical valus (en/2)s, is reached,
then:

(ex/2)y = ¢y (11)
C, g

for a fixed e, /4 = — or g, = — (12)
r ei

and similarly ¢, = (13)

»3“’(\)'(\517

Upon separation of the variables in (10) and integrating between
the limits of £, and 4, we obtain

Ca

2 —— —
eI‘NR o I/n C], = c3 (lh')

Now we know from experimental determination that for lives less
than 10° cycles, almost the entire lifetime N., is spent in stage II
growth. We, therefore, substitute Np for Np %o obtain the result
that

eiNTQC3 (15)

which is the expression found by Manson<49) and Coffin(SO) to
describe the behavior of ductile materials in the low cycle
range. Again, the fact that many metals and alloys exhibit the
same fatigue behavior in this range is thought to stem from the
fact that the geometrical aspects of crack tip deformation are
similar in this class of materials.

As the strain amplitude is decreased so that cycling
takes place in the nominally elastic range where the fourth power
approximation can be used, the rate of crack growth is given by

az 4,2
iy o cgﬂ (5)

As above, we consider stage IT propagation to occur
between an initial critical value of (q/z)1 and a final value
(0/1)2. Integrating in a manner as above leads to the relation

N = 5
R Y EZ (16)
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Tais result indicates that the number of cycles spent in
dtage II crack propagation in an unnotched specimen varies inversely
only ns the 2nd power of the stress level. However, the total life
may vary inversely by as much as the 10th power. Hence we conclude
that the life spent in crack growth (stage II) at low stresses is
tut a small portion of th? tﬁtal lifetime, which is in accord with
axperimental observations\?l). Most of the lifetime of unnotched
dpecimens stressed near the endurance limit is spent in slip band
formation and growth along the slip planes (stage I); Np << NT*.

This is not to say that at these levels in unnotched
apacimens that crack growth is unimportant. The presence of flaws
'an bring about a situation whereby the critical value (q/z)1 is
oxceeded and growth can begin almost immediagtely. An example of
duch a? egfect is shown in figure 22, for a high strength constructional
staeel, (52 53) It is seen that the flaws present in the as-received
condition markedly lower the fatigue resistance of this high strength
nlloy. The slope of the line for this condition above the knee of the
=N curve is such as to suggest that cracks were quickly initiated
and most of the lifetime was spent in propagating these cracks to
tnilure.

*If we substitute ¢ for o_ in this nominally elastic range, we see
that over both the elastfc and plastic ranges that the number of
cycles in stage II varies inversely as the square of the strain
nmplitude.
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SUMMARY

Slip character may be considered in terms of slip band
appearance, dislocation arrangement and configuration.
The important features are the number of slip systems and
the ability to cross slip.

A smaller number of slip systems and a decreased ability
to cross slip enhance the effect of grain size on the micro
and macroscopic stages of unidirectional strain hardening
and in so doing increase the flow stress of polycrystals.

Changes in the number of operable slip systems and the

ability to cross slip brought about by alloying and temperature
are ilmportant in determining the transition from brittle to
ductile behavior.

Slip character affects the nature of the cyclic hardening
process and thereby the stress level at which cracks are
initiated within the glide bands; these features are
reflected in the slope of the S-N curve. In contrast to
its influence upon brittle-ductile behavior, planar glide
improves the fatigue properties.

Crack growth in the ripple stage occupies less of the total
lifetime as the strain amplitude is reduced. The growth
brocess in this stage is governed by the unidirectional
properties of the material. The parameters determining

the resistance to growth are the modulus, the area under
the unidirectional stress-strain curve, and the tensile
strength of the material.
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TABLE II v
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Material Y“fﬁ.?;’?ﬁ::hp“ m?ﬁ? sm, ped L;% Reference \c?/ f’ :

3

Copper 7,500 7,000 0.9 (31) *

Copper - 30 Zn 18,000 18,000 1.0 (31) 2
Copper - 5.6 Al 18,900 20,000 1.06 (31) g ?
Copper - 7.3 Al 35,400 30,000 0.8 (31) u N
Copper - 7.3 AL 10,700 12,500 1.17 (31) 5
Copper - 6.5 AL - 2.k Fe 32,800 31,000 0.95 (31) E “’i
Aluminum (99.0) 5,000 5,000 1.0 (32) CR
Nickel 16,300 15,000 0.% (33) 8 E
Iron - 0.2 ™ 18,200 26,300 1.45 (33) 8 3
Fe Co-V ordered 31,000 55,000 1.7 (&) E E,“
Fe Co-V disordered 49,000 45,000 0.% (%) é’ s
%4 ortered 42,000 18,000 1.1k ) 35

N1 Mo disordered 27,000 39,000 1.44 (&) -

3
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Figure 21. Rate of crack growth in low cycle range as a
function of strain intensity rarameter, ¢1/1.

2wl
AS RECRIVED
& of
]
3 T=1 ALLOY STEEL
= 40 -
s TS 120 kel
Y8 12 ksl
go =
° 1 1 | 1
0* 0t 0® 108 "4 0°

FATIGUE LIFE, CYCLES (R+0)

Pigure 22. 8-§ curves for T-1 steel in polllb‘(’a)ld u-m&nd(”, oconditions.
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