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Abstract

The frontiers in our knowledge of fatigue are reviewed here
with the aim of describing the current status and the opportunities
for frésh approaches to increase our understanding. The principal
opportunity is to quantify that which we already know qualitatively.
Throughout the paper an attempt is made to connect fundamental know-
ledge to the technical problems in fatigue which still remain vexing
and unsolved.

1. Introduction

The subject of fatigue mechanisms has been reviewed rather thor-
oughly during the past several years (1,2). Rather than to repeat or
update these reviews, this paper will attemptto define the frontiers
of research in fundamental fatigue knowledge. First, this approach
will be applied within the classical framework of the fatigue se-
quence: hardening/softening, crack initiation, and crack propagation.
In subsequent sections, we will turn to the application of our funda-
mental knowledge to the more practical or technical problems in fati-
gue failure.

With a few exceptions, we have today a rather good qualitative
knowledge of the fatigue process. We can describe it in words and
define some of the important microstructural changes which occur
during fatigue, but we are only beginning tb arrive at a quantitative
description. If the frontiers of fatigue research could be expressed
in a single sentence, it would be: to quantify that which we already

know qualitatively. .
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2. Frontiers in the search for fundamental knowledge of

fatique fracture.

In this section, the discussion will be arbitrarily confined to

monolithic materials (as opposed to composites) and to constant am-

plitude loading conditions. The more advanced materials and the tech-

nically important problem of variable amplitude loading will be dis-
cussed in Section 3.

2.1 Fatigue hardening/softening

The cyclic stress-strain curve, which is a plot of the peak
saturation flow stress vs. the applied strain amplitude, represents
the best means for displaying the steady-state fatigue response of a

material. It is important to realize that the cyclic stress-strain

curve can be quite different from the tensile (or compressive) curve.

Figue T illustrates this fact. This important curve can be repre-
sented empirically by the expression

o, = K (Aep/z)“' [1
where 9y and Aeﬁ/z are the steady-state, or equilibrium (saturation)
values of the applied stress and plastic strain amplitudes, respec-
tively. K' is a material constant and n' is the cyclic strain hard-
ening exponent. Compilations of K' and n' for various materials are
beginning to appear (3). Recently, Lukas and Klesnil have reported
cyclic stress~strain curves for Cu and brass at very low amplitudes
(4).

Many studies reported in the Titerature have documented the mi-
crostructural changes and dislocation structures which result from
fatigue hardening/softening (1). One of the great needs is to as-
similate the existing data and to design careful experiments which

will provide the missing information so that a quantitative theory of
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hardening/softening can be constructed to replace the empirical re-
1ationship Eq.[1]. Two recent experimental observations have aided
materially in constructing a model of the equilibrium hardening state
in pure copper at high strain amplitudes. They merit brief comment.

The influence of point defects and their clusters on the equili-
brium flow stress in fatigued materials has beén a subject of much
speculation (1). The experimental fact that the temperature depend-
ence of the flow stress of fatigue hardened specimens lies between
that of unidirecticnally deformed and neutron jrradiated specimens is
the strongest evidence that the hardening is partially controlled by
some thermally surmountable barrier for dislocations. In the case of

copper, the ratio of the flow stresses at 300°K to that at 78°K for

the three cases is:

5{300°K)/c(78°K)
" . 5
tension(5) fatigue(6) neutron 1rrad1ated( )
0.95 0.88 1017 nvt)g 6o

In (6), equilibrium flow stresses were determined for copper
single crystals over the temperature range 78-300°K for a variety of
cyclic strain amplitudes, and the size and space distribution of point
defect clusters were determined by transmission electron microscopy.
These two observations, together with an analysis based on the ap-
proach of Frank, et. al (7) for neutron-hardened copper, allowed the
authors to select a consistent model for fatigue hardening. If the

equilibrium flow (shear) stress is subdivided according to

T =7 + ¢ * {2]
n

into an athermal (ru) and a thermal (t*) component, then ¥/t was
determined to be 15-25% depending on the strain amplitude. Further-

more, t is determined by the to-and-fro shuttling of dislocations
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(12) have measured the dependence of n' on strain rate

and find the relation shown in Figure 3 for 7075 aluminum ailoy.
This dependence predicts, according to the equations of Tomkins

(13), that Tow cycle fatigue 1ife and crack growth rates should

increase and decrease, respectively, as : is increased.

The effects of temperature OR the cyc11Cvstress“strain curve

recently by several authors at the 1972 Symposium on

atures held at SLovrTs,s

were reported
Fatigue at £levated Temper connecticut (14).
Tomkins found that for stainiess steel, values of the equilibrium
ctress for a given strain amplitude were Jowered as temperature was
jnereased, the strain rate being neld constant (Fig. a).

2.2 Crack Initiation

and little understood problem is that of crack

A perpiexing,
e fatigue condi-

75-16

initiation in high strength materials under long 1if
tions. For example, microcracks > 1 um in tength in notched 70

after 95% of a nominal 106 cycle

aluminum are not observed until

fatigued 1ife has elapsed (16). Cracks then appear cuddenly at in-
clusions without benefit of observable slip or plastic deformation

of the surface. Moreover, so-called nglipless" fatigue crack in-

jtiation has been observed in long 1ife fatigue of titanium alloys.

nobservable deformation on the sur-

again after a 1ong peried of u
face. Cracks 1 um occurved in grains of Ti-6A1-4V after ~ 45%
of a total life of 106 cycles and grew in the direction of maximum
shear, (17). (At shorter 1ifetimes and higher stress amplitudes,

al slip-band initiation occurs.) In commercially pure ti-
d and Wood (18) observed that ¢
slip when cycling was conducte

-T6 Al and

classic
tanium, MacDonal racks appeared in
grains otherwise devoid of d in the
elastic range, (Fig. §). uhile in the cases of 7075

the crack origins could be defined as inclusions and
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o/8 interfaces, respectively, no such defects or interfaces were
present in the case of pure Ti, and the cracks simply appeared
transgranularly in the direction of maximum shear.

The basic

question is: "what is happening during the long quiescent period

during which no observable plastic deformation is observed to pre-

ceed the appearance of a crack in these materials"?

The mechanisms and sites for crack initiation at elevated tem-

peratures have not received much attention except for a few,

speci-
fic materials.

A rather general impression exists that crack in-

itiation takes place predominately at grain boundaries for T >

0.4 Tm’ but it is not clear whether this impression would stand

under critical inspection. The age-hardened, nickel base super al-

Toys, because of their application to high temperature, turbine

usage, have been explored in detail (19). For example, wrought

Udimet 700 deforms in a planar slip mode below 1400°F, and crack in-

itiation occurs in slip bands or at twin boundaries. The trans-

ition from transgranular to intergranular initiation usually occurs
as temperature is increased, but the specific temperature is a func-
tion of test conditions, type of alloy, and its structure.

Perhaps the most important and most difficult frontier in crack

initiation research is clarification of the effects of environment

on mechanisms and rates of initiation. For our brief treatment here,

we divide the discussion into two parts, the effects of environment

per se, and the contributory probiem of surface films.
Laird and Duquette, in their review of crack initiation, have

concluded (15) that the effect of gaseous environments on crack in-

itiation rates is small, especially compared to the effect on crack
growth. Grosskreutz has presented data on the number of cycles, No,

to initiate a crack 10 um deep in commercially pure aluminum
PL v-212
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2.3 Crack Propagation

The observation of crack growth rates and their correlation
with the crack tip stress intensity factor represents the fipst
step toward quantifying our existing knowledge of the fatigue se-
quence. The first such empirical correlation was made by Paris and
Erodogan (21) in 1963 and is generally expressed in the form

da/dN = A(sk)™ [3l
where a is the instantaneous crack Tength, N the number of cycles,
4K the stress intensity factor range, and A and m are material con-
stants {m was set equal to 4 by Paris and Erodogan). The overrid-
ing importance of such an expression is that it can be used to cal-
culate the number of cycles to propagate a preexisting flaw of size
2 to some critical length, A, at which failure will occur on the

next Yoad cycle, i.e,

a
Nf-uo=fa: T [41
The objective of most research in fatigue crack propagation today is
to establish some quantitative relation such as eq.[4] and the con-
ditions under which it is valid. Or, more basically, to establish
the physical mechanism of crack growth so that a quantitative growth
equation can be derived from first principles.

In the following discussion, we resort to the usual classifica-
tions of Stage I and Stage IT crack growth (1). We find that Stage
I cracking has been almost completely neglected despite the fact
that in Tong-1ife fatigue it can consume over 90% of the life in
ductile materials. The reason for this neglect is clear, however.
The crack sizes in Stage I are very small, usually of the order of

1-2 grain sizes, and are correspondingly difficult to observe.

Neverth it i i
eless, it is my beljef that research into the mechanism and
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rates of Stage I cracking represents one of the foremost frontiers
in the search for fundamental knowledge of the fatigue process.
2.3.1 Stage I Crack Growth
We know that Stage I cracks propagate in a shear mode along
crystallographic planes on which dislocation activity and density
is high. Most of the information we have on the mechanisms of
growth in Stage I derive from the happy circumstances that exten-
sive Stage I fracture occurs in high strength nickel base alloy
single crystals because of their highly planar slip nature (22).
From this source and the studies by Kaplan and Laird (23), three
possible mechanisms of Stage I growth have been proposed.
a) a plastic blunting mechanism similar to Stage II cracking
{wavy slip mode materials).
b) an unslipping model, without rehealing at the crack tip
{planar slip mode materials).
¢) a decohesion model in which cyclic slip activity lowers the
cohesive energy of the slip band or causes a local enhance-
ment of the normal stress across the band by dislocation
dipoie accumulation.
None of these models have really been confirmed in a convincing way.
In the nickel-base alloys, the effect of raising the tempera-
ture during fatigue is to promote a trensition to Stage II cracking
{24). The effect of environment has also been investigatad (25)
for Mar-M200. Fatigue Tives were - 3 times longer in vacuum (¥0"5
Terr) then in air. Electron fractography of the Stage I fracture
surfaces showed that the gaseous environment (presumably oxygen) re-
duced the amount of plastic deformation during crack advance. The
authors propose a model for Stage 1 cracking in which the gaseous

environment lowers the surface energy, similar to {(c), above.
PL v-212
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2.3.2 Stage II Crack Growth
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research. A fundamental need is to define the reduction in surface

energy in terms of the non-equilibrium chemical potential of ag-

" gressive fluids. The effect of dynamic absorption or chemisorption

on dislocation mobility at the surface also needs to be measured.
The goal is a general prediction of environmental effects that tran-
scends the treatment of each material and environment as a separate
study.

A final word should be said about the sensitivity of Stage I1
crack growth rates to metallurgical properties. Several comparisons
have been made between various steels and aluminum alloys using ex-
jsting data. Hahn, et. al (28) found that crack growth rates for a
given AK value in Fe-3Si steel (67 ksi yield strength) were not
significantly different from those of five other Tow and medium
strength grades of steel with different yield strengths. Bathias
and Pelloux (29) have pointed out, however, that fatigue crack
growth rates for Ak > 30 ksi /in. are an order of magnitude lower in
steels with fcc structure than in bcc steels. For ak > 40 ksi /in,
the growth rates fall in the same scatter band with bcc steels.

Further evidence of the effect of microstructure on Stage 11
growth comes from the work of Ishii and Wertman (30). Figure 9 i1-
lustratas the effect of stacking fault energy on crack growth rates
in single crystals with approximately the same orientation and aK
at the tip. Although the yield stress (CRSS) increases with stack-
ing fault energy and might account for the observed decrease in
crack growth rates, earlier work by Miller, et. al (31) has es-
sentially discounted this possibility. Hence, the s1lip mode of
the material (wavy or planar) has an effect on da/dN, with planar

s1ip mode materials producing the greatest resistance to crack

growth. PL V-212
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3. The Application of Fundamental Knowledge to Technical Fatigue

Problems.
In this section we will discuss the application of knowledge to
two broad areas, materials improvement and 1ife prediction under
service loading.

3.1 Materials improvement

The subject of materials improvement and the approaches for
achieving high fatique strength have been discussed in detail quite
recently (9,32,33)., In this paper we discuss the problem generally
and point out the more promising directions.

The application of fundamental knowledge to improve fatigue
strength in materials has been disappointing in the sense that no
new materials or allays have appeared with an order of magnitude
increase in fatigue strength. On the other hand oyr understanding
of the fatigue process has provided useful guidelines for attacking
the problem of materials development.

For example, the knowledge that most fatigue cracks start at
the surface makes it obvious that surface treatments such as shot-
peening and coating can only be effective in low-stress, long life
fatigue where crack initiation is a significant fraction of total
Tife. Morecver, the observation that inclusions can act both as
crack starters and nuclej for additional crack growth within the
plastic zone at the tips of existing cracks makes it obvious that
their elimination would be advantageous over a wide range of fati-
gue lives. In fact, reduction of the volume fraction of undissol-
ved second phases (inclusions) in 2024-T4 aluminum from 0.09% to
0.00016% producad a 60% increase in the number of cycles to initi-
ate a crack and raised the fatigue strength of the alloy -~20% over

the Tife range 105~]07 cycles (9).
PL V=212
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Fundamental knowledge of fatigue makes it clear that fatique
cracks start and grow at concentrations of plastic strain. Hence
material microstructures which promote slip dispersal have long
been considered desirable for fatigue resistance. In age-hardening
aluminum alloys, such microstructures can be produced by introducing
a dense and uniform dislocation forest through suitable thermo-
mechanical treatments. In particular, Ostermann {34} has produced
this microstructure in 7075 aluminum which increases the UTS by
~10% and the long jife endurance limit by -25 percent. If high
purity 7075 is used, the endurance 1imit is increased by almost 50%.

Filament reinforced composite materials offer a different ap-
proach to fatigue resistant materials. The rationale here is that
high modulus filaments can act as crack arrestors and reduce the
amount of plastic deformation in the matrix. In fact the fatique
resistance of such composites as boron-epoxy and boron-aluminum are
generally good, but the scatter in the fatigue data is quite large.
This scatter is presumably due to either damaged filaments or un-
controlled interface microstructures. The design and development
of fatigue resistant metal-matrix composite materials depends
heavily on research to clarify the relation between interfacial
microstructure and fracture resistance (35). One objective is the
metallurgical design of interfaces e.g. well-bonded, plastic
interfacial zones.
3.2 Life Prediction

Traditionally, fatique 1ife prediction has been based on exper-
imentally determined stress amplitude vs life curves (so-called S-N
curves) for smooth or notched specimens. As applications required
that materials be stressed more and more into the inelastic or

plastic range (e.g. thermal fatigue), the usefulness of strain
PL V-212
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amplitude-1ife curves became apparent. Initially, these curves

were plotted as the logarithm of the plastic strain range Aen/Z,
versus log Nf. Such a plot results in a straight line, now known

as the Manson-Coffin law, which is used extensively to describe Tow

cycle fatigue of many materials.

A more useful way of plotting Tife data today is in terms of

total strain vs 1ife, Fig.10. In this way, both the plastic and

elastic regimes can be included on one diagram. The curve breaks

into essentially two linear plots: the plastic strain Manson-Coffin

Law and the elastic strain Basquin relationship. The point at which

the elastic and plastic strains are equal has been defined as the
transition fatigue life, NT’ and serves as a useful definition of
the quantitative boundary between Tow and high cycle fatigue. An
empirical equation can be written (36) which describes the entire
curve of Fig. 10

(8e/2) = (eyf2) + (nef2) = (5" JEVANQ® + ' ((M)E [5]
where the parameters in the equation are o‘f = fatigue strength co-
efficient, e'f = fatigue ductility coefficient, E is Young's modu-
lus, and Nf is the number of cycles to failure. (2Nf is the number
of reversals to failure).

This representation of constant strain amplitude 1ife data has
proven extremely useful for materials selection (37), for prelimin-
ary design of component structures, and more especially as a basis

for at least one, cumulative damage analysis procedure {cf. 3.2.1).

3.2.1 Load interaction effects

Virtually all real structures, which are subject to fatigue

failure, experience variable amplitude loading. It is the concensus

of all those who are active in fatigue research today that the study

PL V-212
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4. General Conclusions
This general overview of our fundamental knowledge of fatigue
and the research frontiers which exist has shown the greatest need
for future research to be in quantifying that which we already know
in a qualitative way. Some specific frontiers are:
- Development of 3 quantitative theory of fatigue hardening
= Understanding and predicting the stability of metallurgical
and dislocation microstructures under cyclic loading
- Documentation of the effects of strain rate and temperature
on cyclic stress-strain response
~ Developing a model for crack initiation in high strength
materials, particularly in long 1ife fatigue
- Determining the effects of environment of the rate of crack
inititiation
- Determination of the mechanisms and rates of Stage I fatigue
crack growth as a function of temperature, environment and
material properties
- General prediction of the effect of environment-material
couples on Stage II crack growth rates
- Definition of the structure-sensitive aspects of Stage II
Crack growth rates
- General study of load interaction effects on the fundamental
mechanisms of the fatigue sequence
- General study of creep-fatigue interactions and their effect
on fundamental mechanisms of fatigue
In all cases, experiments ought to be devised realistically, so
that the results may be eventually applied to the improvement of

materials and the prediction of fatigue Tives under complex
PL V=212
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conditions. After all, it is these very practical problems which
give the stimulus for continued work in the whole field of
fatigue research.
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1 Cyclic and montonic stress-strain curves (R. W,
Landgraf, ref, 32).

2 Transmission electron micrograph of the primary glide
plane of fatique-hardened copper. Mobile dislocations are
seen lying between cell boundaries, Sample neutron-
irradiated under load at 4°K with 2)(10]8 neut/cmz.

{Courtesy H, Mughrabi).

a2

Plot of the cyclic strain hardening exponent, n', versus

strain rate for 7075-T6 A1, (Courtesy J. R. Hancock

and D. K. Benson.

4 Cyclic stress-strain curves for 20/25/Nb stainless stee]
at various temperatures. (After Tomkins, Ref. 14},

5 "Slipless" crack in a grain of fatigued titanjum. Length

of crack is -10 um, (Ref. 18).

- 6 Stage I crack growth rates in aluminum single crystals,

(Courtesy D. k. Benson).

- 7 Schematic representation of Stage II crack growth rate

¥S. AK, the stress intensity factor range.
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Fig. 8

Fig. 9

Fig.10

s 21 =
Effect of several environments on crack growth rates in
7079-T651 aluminum alloy. (Ref. 27).
Fatigue crack growth rate vs. stacking fault energy and
critical resolved shear stress for single cr stals of
Cu-Al alloys. (Ref. 30).
Schematic representation of strain-1ife relation.
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