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ABSTRACT

The fatigue behavior of short cracks, which are small compared to
the scale of the microstructure, small compared to the scale of local
plasticity or simply physically small (i.e., < 1 mm), must be considered
as one of the major factors limiting the application of defect-tolerant
fatigue design for airframe and engine components. Accordingly, this
program was aimed at identifying factors which govern the growth of such
short cracks (in contrast to long cracks) in a series of commercial
aluminum alloys, with specific reference to behavior at near-threshold
levels (below ~ 10-9 m/cycle).

Based on experiments in 2124, 7150 and 2090 alloys, it is shown that
whereas the behavior of long (2 10 mm) cracks at near-threshold levels is
largely controlled by the magnitude of the crack tip shielding from crack
closure and deflection mechanisms, short crack growth rates are
invariably faster because of their inability to develop shielding due to
their 1imited wake. Experiments whereby the wake material is physically
removed confirm such notions and indicate that the predominant closure
forces are located close (within 500 um) of the tip. Analogous
experiments involving periodic compression overloads are similarly
employed to reduce near-tip crack closure (by the crushing of
asperities). Due to the reduction of shielding, crack growth at the
threshold is then observed following the compression cycle. Materials,
such as 2090-T8E41 aluminum-lithium alloy, are particularly prone to such
compression-induced crack growth as their shielding mechanisms are
largely derived through the wedging of asperities. Studies on through-
thickness physically short (50 to 400 um) and small (10 to 400 um)
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surface cracks indicate growth at nominal stress intensities at, and
below, the threshold AKyy. Short crack growth rates are observed to
decay progressively until arrest (or before merging with long crack
data), concurrent with measured changes in crack closure and hence the
near-tip "driving force" OKg - Numerical predictions of such closure
(in both plane stress and plane strain) are shown to underpredict
consistently measured values, as the actual sources of shielding involve
closure from oxide and asperity wedging in addition to the plasticity-
induced mechanism., It is concluded that the near-threshold behavior of
small cracks is strongly influenced by considerations of crack tip
shielding, specifically from crack deflection and crack closure
mechanisms. Other factors responsible for "anomalous" small crack
behavior, however, can be identified depending upon the "type" of small

flaw involved, and are discussed in this report.

-Vvi-



Lt et A8 o e R - e 4 oWl A g AN Al 0 cad, AV ad (n\n‘|~-l-\|“,

1. INTRODUCTION

ERCR N At It

The objective of this program was to identify mechanical, é
microstructural and environmental factors governing the fatigue crack ;f
growth of long (> 10 mm) and short ( <1 mm) cracks in commercial aluminum 0
alloys with specific reference to behavior at ultralow, near-threshold ':
growth rates below typically 10-9 m/cycle. This report describes several ;;
projects, specifically involving a review of the "small crack" problem, A
its origins and implications, the role of microstructure in influencing :
fatigue crack growth and closure behavior in 7150 alloy, the development o
of crack closure with crack size for Tong and short cracks in 2124 and 3
7150, the role of crack tip shielding on large and small (10 to 400 um), it
through-thickness and surface cracks in 2124, and the influence of i‘
periodic compression overload cycles on such properties in 2124, 7150 and &
aluminum-lithium alloy 2090. Based on these results, an overall g
assessment of the small crack problem is presented, and suggestions are %
made for its potential solution, both with respect to defect-tolerant ;
life prediction and alloy design. vy

_
2. REVIEM OF SMALL CRACK BEMAYIOR X
2.1 Introduction 3

Despite an increasing interest, both academically and S:
technologically, in conventional long crack fatigue crack propagation, :{
particularly at near-threshold levels (e.g., ref. 1), a major limitation é

in the application of such information to defect-tolerant design must be

regarded as the problem of short flaws. By short flaws, it is implied




that flaws are i) small compared with the scale of microstructure, ii)

small compared with the scale of local plasticity, or iii) simply
physically small (i.e.,, £ 0.5 to 1 mm). Design codes at present attempt
to predict the growth rates of in-service flaws based on data collected
in the laboratory with specimens containing crack sizes of the order of
25 mm. In service, however, initial defects sizes are often far smaller
than this. This leads to a potential for non-conservative defect-
tolerant lifetime predictions since the vast majority of experimental
observations?-20 on the behavior of short cracks has shown that their
growth rates are in excess of long cracks at the same nominal driving
force (e.g., at the same stress intensity range AK) and furthermore that
such short cracks can initiate and propagate at AK levels below the "long
crack" fatigue threshold AKpy (Fig. 2.1).

During this study, extensive reviews of all aspects of the small
crack problem have been performed,19 including the environmental behavior
of small fatigue cracks.20 Papers published on these reviews are
appended to this report. For completeness, summaries are presented

below.

2.2 Propagation of Short Fatigue Cracksl?

Fatigue crack propagation in engineering materials has been the
subject of considerable research, and extensive review articles have
appeared over the past several years. Most of these investigations
focused on the behavior of 'long' fatigue cracks, even though the
characteristics associated with the extension of small cracks in metals

and alloys remain relatively unexplored, despite their unquestionable

importance from an engineering standpoint. In the review, the mechanics
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Fig. 2.1:

Constant-amplitude loading
R =constant

Short crack

from notch
N

Small cracks Long crack

l‘gLong crack threshold A Ky

log AK, a

Schematic representation of the typical variation in fatigue
crack growth rates da/dN, with the nominal cyclic stress
intensity factor AK, or crack length a, for "long" and
"small" cracks. AKty is the nominal threshold stress
intensity range below which long cracks remain dormant.
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and micromechanisms of the subcritical growth of small fatigue cracks are
examined, and aspects of their propagation behavior are contrasted with
those of long cracks in terms of fracture mechanics, microstructure, and
environment. Cracks are defined as being small i) when their size is
small compared to relevant microstructural dimensions (a continuum
mechanics limitation), ii) when their length is small compared to the
scale of local plasticity (a linear elastic fracture mechanics
limitation), or iii) when they are simply physically small (e.g., < 0.5-
1 mm). Since all three types of small flaw are known to propagate faster
than (or at least at the same rate as) orresponding long fatigue cracks
subjected to the same nominal driving force, current defect tolerant
fatigue design procedures which utilize long crack data can, in certain
applications, result in overestimates of lifetimes. The characteristics
of the small crack problem are critically reviewed in the light of the
influences of local plasticity, microstructure, crack tip environment,
growth mechanisms, crack driving force, and the premature closure of the
crack.
2.3 Environmental Effects Novel to the Propagation of Short Fatigue

Cracks

Crack size and opening morphology dominate the mechanical and
chemical driving forces for fatigue propagation in embrittling
environments, Similitude based on a crack tip field parameter is
compromised, particularly for small cracks (< 5 mm) which grow up to
several orders of magnitude faster than projected and below apparent

threshold conditions. Environment sensitive mechanical and chemical

mechanisms which govern the growth of small cracks are reviewed. For the
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former the retarding effect of crack closure; originating from wake
plasticity, surface roughness, deflection, corrosion debris or fluid
pressure; increases with increasing crack size particularly within the
near threshold regime. Data for high strength steel in Ho demonstrate
the importance of such mechanisms, however, precise models of crack size
dependencies and systematic closure measurements are lacking.
Considering the chemical driving force, the embrittling activity of the
occluded crack differs from that of the bulk environment, and is geometry
dependent. The deleterious influence of small crack size is demonstrated
experimentally for steels in aqueous chloride solutions, and related
quantitatively to crack opening shape and size effects on diffusion,
convective mixing and electrochemical reaction. Small crack size
promotes hydrogen embrittlement due to enhanced hydrolytic acidification
and reduced oxygen inhibition. Chemical crack size effects are material
and environment specific; criteria defining 1imiting crack sizes and

opening shapes for K or J-based similitude do not exist.

3. EXPERIMENTAL PROCEDURES AND MATERIALS

3.1 Materials

The following commercial wrought aluminum alloys, namely 7150, 2024,
2124, and lithium-containing 2090, were obtained from ALCOA in the
solution treated, quenched and stretched (2%) conditions. Nominal
chemical compositions are shown below in Table 3.1. All alloys were
received in the form of 25 mm thick plate, except the 2090 which was

13 mm plate.

ey Py Ly P N W 5 Wy ¥ fa g (@ T 0 LT SRS T R L T TN I I T SRR
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Table 3.1: Nominal Chemical Compositions in wt% of Alloys

Si Fe Cu Li Mn Mg Cr In Ti Ir Al

2024 0.50 0.50 4.50 -- 0.50 1.50 0.10 0.25 0.15 ~-- Dbalance
2124 0.20 0.30 4.50 -- 0.50 1.5 0.10 0.25 0.15 -- Dbalance
7150 0.07 0.11 2.10 -- -- 2.16 -- 6.16 0.02 0.13 balance
2090 0.12 0.10 2.70 2.20 0.05 0.25 ~-- -- 0.15 0.12 balance

Fatigue tests were performed on 6.4 mm thick compact C(T) test-
pieces, heat-treated in the 2124 and 7150 alloys to yield peak-aged (PA)
microstructures and underaged (UA) and overaged (0OA) microstructures at
the same approximate yield strength, The rationale for this was to
examine, at constant yield strength, the influence of different plastic
flow mechanisms, i.e., underaged (i.e., T3) structures are associated
primarily with deformation via planar slip due to the coherent nature of
the hardening precipitates whereas overaged (i.e., T7) structures are
associated with a more homogeneous wavy slip from incoherent particle
hardening mechanisms.

Specific heat treatment schedules and room temperature mechanical
properties are listed in Tables 3.2 and 3.3, respectively. The nature of

21 Briefly, in the

these microstructures has been discussed elsewhere.
7150 alloy, underaged structures were characterized by coherent GP zones
(v 4-8 nm diameter), which were replaced in the T6 condition by semi-
coherent n' precipitates (Fig. 3.1). T7 structures were hardened by
coarsened n' in the matrix and by predominately incoherent n precipitates

in both matrix and grain boundaries, the latter resulting in small

precipitate-free-zones (v~ 30 nm half width), as shown in Fig. 3.lc.

Grains were pancake-shaped with an approximate size of 15 by 5 um.




Table 3.2: Heat-Treatments Utilized

7150 Alloy 2024 and 2124 Alloys
Underaged  ST* + 1% hr at 1210C ST* + naturally aged (ambient)
e Peak Aged ST* + 100 hr at 1210C ST* + 12 hr at 1900C
Overaged ST* + 24 hr at 1210C ST* + 48 hr at 1900C
+ 40 hr at 1630C
*ST = solution treated, stretched 2%
Table 3.3: Room Temperature Mechanical Properties of Alloys Tested
Work
Yield Redn. Hardening
Strength U.T.S. Elong.* Area Exponent
(WPa)  (MPa) (%) (%)
7150
Underaged 371 485 6.8 12.1 0.055
Peak Aged (T16) 404 480 6.0 10.3 0.046
Overaged (T7) 372 478 7.1 12.5 0.058
2024
Unde.aged (T351) 360 471 17.6 24.3 -
Peak Aged (T851) 432 473 8.4 22.6 -
Overaged 340 471 9.0 22.8 -
| 2124
o Underaged (T351) 360 488 17.8  26.7 -
j Peak Aged (T851) 447 479 10.0 23.3 -
Overaged 370 440 10.2 21.9 -
2090
Peak Aged (T851) 535 565 11.0 - -

*On 25 mm gauge length

-
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Fig. 3.1: Transmission electron micrographs of a) underaged, b) peak
aged (T6) and c) overaged (T7) I/M 7150 aluminum alloy.




In the 2124 and 2024 alloys, in addition to the widely distributed
second phase inclusions, the naturally aged (underaged) structures were
also strengthened by G-P zones. At the peak aged condition, the major
strengthening particles include the Al-Cu 8" and the magnesium-containing
S' phase, both semi-coherent. The overaged structures were characterized
by the formation of incoherent 8' and 8 phases in the matrix and, most
noticeably, along the grain boundaries. The precipitate-free zones were
readily found. The grains were pancake shaped with an approximate
diameter of 350 um and thickness of 50 um (Fig. 3.2). Corresponding
heat-treatments and mechanical properties for 2024 and 2124 alloys also
are listed in Tables 3.2 and 3.3.

In addition, specimens were taken from a plate of commercial
lithium-containing aluminum alloy 2090. The material was furnished by
ACLOA in the T8-E41 condition. The alloy was hot-rolled to a thickness
of 13 mm, solution treated at 549°C, water quenched, and stretched ~ 6%
prior to aging 24 hr at 163°C. The chemical composition of 2090 is
listed in Table 3.1; mechanical properties (longitudinal orientation) are
listed in Table 3.3.

The microstructure of 2090 consisted of large, unrecrystallized
grains with planar, elongated shape (Fig. 3.3). Grains were of
approximate size 20 um thick in the short direction, 500 um wide in the
transverse direction, and a few millimeters long in the rolling
direction. The microstructure of 2090 has been characterized by Rioja
and Ludwiczak.22 They note that the alloy contains four metastable

phases, §', 8', Ti. and Té, which are thought to be percursors to the

equilibrium B, Ty, and T, phases. The §' phase (A13Li) normally exists
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Three-dimensional grain structure of aluminum alloy 2125-T351
(Keller's reagent etch).
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Fig. 3.3: Three-dimensional optical micrograph showing the grain
structure of aluminum-lithium alloy 2090-T8E4]1 (Keller's §
reagent etch).
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as spherical precipitates, but small precipitates can also wet the
surfaces of the 2' (Al3Zr) and Ti(AISCuLi3) phases., It is thought that
the &' phase is responsible for the strongly-directional mechanical

properties of this alloy.

3.2 Test Procedures

To obtain a comparison between long and short crack near-threshold
behavior and to demonstrate experimentally that the anomalous behavior of
through-thickness short cracks results from a lesser effect of closure in
the wake of the crack tip, the "3-in-1" test specimen/procedure was
utilized, shown schematically in Fig. 3.4.

Starting with a conventional 1-T compact C(T) test-piece, 6.4 mm
thick, long crack threshold tests were performed at 50 Hz using standard
load shedding procedures to determine the near-threshold crack growth
behavior and the value of the fatigue threshold range 2Ky for long
cracksl (A). To demonstrate the effect of closure in the wake of the
crack tip, two procedures were then adopted for the long crack arrested
at AKyy. In certain specimens, material was machined away behind the
crack tip to “remove" closure in the wake.23’24 Conversely, closure was
"removed" by applying a single compression overload.25'27 In either
case, following such procedures, the subsequent growth of the formerly
arrested long crack was monitored, under nominally constant 2K
conditions, until closure re-developed with increase in crack length to
approach crack arrest (B). The third stage of the test was then to

carefully machine away the majority of the test-piece to leave a (two-

dimensionally) small crack in a strip of metal (C), which was then tested
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A. Long Crack Threshold Test
4

é 4 Long

‘ C crock

e /.
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8. Removal of Wake
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*3-in-1" specimen developed to experimentally demonstrate the
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in four-point bend to investigate near- (and sub-) threshold short crack

behavior (D).28

In addition, tests were performed to examine the behavior of
naturally-occurring (three-dimensional) small surface cracks, using
replication techniques. The replication was performed with cellulose
acetate tape and acetone on the top (tensile) surface of rectangular bend
specimens (64 mm x 13 mm x 6.4 mm), tested in four-point bending. Tests
were carried out at a load ratio of R = 0.1 such that the maximum stress
due to bending was 0.9 times the yield stress of the material. Prior to
testing, specimens were metallographically polished and etched to reveal

the grain structure.

3.3 In-Situ Crack Closure Measurements

Despite the widespread adoption of the concept of fatigque crack
closure, there remains much uncertainty as to the most reliable methods
of measurement. The majority of procedures involve the use of gauges to
obtain a compliance curve for the cracked specimen and determining the
point of deviation from linearity during elastic unloading along this

cur‘ve.zg'35 Other methods involve laser inferometry techniques,35

36 37

electrical potential measurements, ultrasonics and surface

reph‘cation.10

Al though perhaps the most accurate of all procedures, at least for
surface measurements, the laser inferometry technique for detecting crack
closure requires special instrumentation.3® Electrical potential

techniques, although widely used for crack length measurement, suffer

from the presence of crack surface oxide films which can result in

uncertainty on the exact point of crack surface contact. Replica




techniques are accurate, but provide only a surface measurement and do
not lend themselves to automation. For standard automated testing,
compliance gauge measurements offer the most practical solution. The
gauges can be mounted at the crack mouth (e.g., clip gauges), on the side
surfaces (e.g., Elber gauges) or on the back-face. Location on the side
surfaces is not preferred as measurements become strongly sensitive to
the position of the crack in relation to the gauge. Of the remaining
locations, the back-face strain approach was selected as it offered
substantially greater resolution than the use of a crack mouth-mounted
clip gauge.

The back-face strain met:hod,zg’30 used to evaluate crack
closure,28'3°'32 is based on compliance measurements from a strain gauge
mounted on the back face of the specimen. The closure stress intensity,
Kcys which is defined at first contact between mating crack surfaces on
unloading, is measured at the point of deviation from linearity of the
elastic unloading compliance curve.

In order to monitor crack closure continuously in real time during a
high frequency (e.g., 50 Hz) fatigue test, an algorithm was developed
with the present system to automate the process of deriving the point of
closure from compliance data. Load and back-face strain signals were
first amplified with two identical amplifiers and digitized to feed into
a PDP-11 computer. Although care was taken to keep the signals in-phase,
due to the nature of the amplifiers some phase difference between the
load and strain signals was found to exist., Since this can introduce

false hysteresis and cause error in the closure measurement, a phase
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shifting circuit was used for compensation. Active filter circuits are

also used to remove the high frequency noise in the measurement system.
In order to automate detection of the closure point at first
§ deviation in linearity from the unloading compliance curve, the straight
line portion of the curve was defined as the correlation coefficient used
as an indicator for linearity. First, starting from maximum load, points
! from 5 to 10% of the total curve were used to determine the baseline
correlation coefficient. Points were then added one by one to the data
h set and correlation coefficients calculated. Since the correlation
' coefficient will decrease if the next point deviates from linearity, and
increase if it falls on the straight line, the closure point was defined
where the correlation coefficient had the highest value, i.e., at the end

| of the straight line portion of the curve.

This technique was relatively immune to signal noise because the
! correlation coefficient is itself an indicator of noise. Moreover, its
! use removes the ambiguities inherent in the manual determination of
closure. Accuracy depends primarily on the accuracy of the digitizing
process and the noise level. Sensitivity and the speed of the analog-to-
! digital converter are also crucial to the success of the method. In the
present system, where the speed of the algorithm was a strong function of
the computation speed, the unloading compliance curve was digitized into
§ about 350 points within a half fatigue cycle, and involved a computation
process of about 10 seconds. This readily permitted closure measurements
; to be made automatically during the test approximately once every 30

' seconds.
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4. MECHANRISMS OF CRACK TIP CLOSURE IN 7150 ALLOY

4.1 Introduction

Recent studies into the mechanics and mechanisms of fatigue have
identified a prominant role of crack closure in influencing crack
propagation behavior (e.qg., refs. 13,16,19-21,23-28,33-35,37-45). This
is particularly apparent at low growth rates (i.e., below " 10-9 m/cycle)
near the fatigue threshold stress intensity range for no crack growth,
AKTH. In this regime, the origin of such closure has been associated

37-40

with mechanisms such as crack surface corrosion deposits, irregular

fracture morphologies coupled with crack tip shear d1’splacements,41'43

44 ;, addition to conventional mechanisms

and fluid-induced pressure
relying on cyclic plasticity33 (Fig. 4.1). The effect of the closure,
which induces contact between mating fracture surfaces at positive stress
intensities (K.q) during the loading cycle, is to reduce the local
driving force for crack advance from nominally applied levels, e.g.,
bK = Kpax = Kpins to some near-tip effective level, A8K,¢f = Kpax - Keps
where Kmax' Kmins Key and AK are the maximum, minimum, closure and range
of stress intensity, respectively.

tffects of variable amplitude loading, frequency, load ratio,
microstructure, environment and temperature have all been associated with
closure phenomena (for review, see ref. 45), Elber33 first applied the
concept of (plasticity-induced) closure to cyclic behavior in aluminum
alloys in an attempt to explain variable amplitude loading and load ratio
effects in these alloys. Subsequent studies in this system have focussed

largely on effects of microstructure and environment. An important

mechanism in aluminum alloys appears to be associated with roughness-
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induced closure,“‘43 where it has been suggested that the strongly
crystallographic nature of crack paths, particularly in underaged
structures, promotes c]osur'e‘u‘43 and crack deflection?6 and thus reduces
near-threshold growth rates.

In the present work, effects of microstructure during precipitation
hardening are examined on fatigue crack propagation in a high purity 7150
alloy, for underaged, peak-aged and overaged conditions, in the light of
quantitative measurements oxide film thickness, fracture surface
roughness and closure stress intensity values. It is shown that near-
threshold growth rates are slowest in underaged structures, consistent
with the highest measured closure loads, and the most deflected crack

paths. Little evidence of oxide-induced closure could be detected.

4.2 Results
Growth Rate Behavior:

The variation in fatigue crack propagation rates (da/dN) with stress
intensity range (AK) for 7150 in the underaged (UA), peak-aged (PA) and
overaged (OA) conditions is shown in Fig. 4.2 for load ratios of 0.10 and
0.75. Although growth rates above ™ 10-° m/cycle are similar at each
load ratio for all three microstructures, at near-threshold levels it is
evident that underaged structures show the highest fatigue resistance in
terms of lowest growth rates and highest threshold AKyy values. Compared
to the underaged structure, threshold AKyy values in these results are
roughly 15% and 28% lower in the peak-aged and overaged structures,

respectively, at R = 0.10 (Table 4.1). Thresholds are similarly reduced
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with increased aging at R = 0.75, although the absolute magnitude of the

differences in AKTH values is much smaller.

Crack Closure Data:

Corresponding crack closure data, in terms of back-face strain
measurements of K.1/Kpa, as @ function of AK, are shown in Fig. 4.3 for
the three microstructures at both R = 0.10 and 0.75. Similar to behavior
reported for several ferrous and non-ferrous alloys at low load ratios
(e.g., refs. 27,28,34), the degree of crack closure increases sharply
with decreasing AK level, approaching a maximum of K. /Ky,, close to
unity at AKyy. Although no evidence of closure could be detected
experimentally in any microstructure at R = 0.75, at low load ratios
underaged structures showed the highest closure levels, consistent with

their highest thresholds.

Fractography:

Scanning electron micrographs of the fatigue fracture surfaces close
to AKTH in the three aging conditions are shown in Fig. 4.4, The
fractography is transgranular in all cases with evidence of slip steps,
ledges and facets. Such facets are particularly pronounced in the
underaged structure and have an appearance characteristic of
crystallographic fatigue surfaces. The rougher or more tortuous nature
of the crack path in the underaged structures can be seen more clearly in
Fig. 4.5 where crack profiles are shown for the three conditions. 1In
contrast to the zig-zag appearance of underaged fractures, crack paths in
the overaged structures are predominately linear with far fewer crack

deflections.
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Fig. 4.4: Scanning electron micrographs of fatigue fracture surfaces
close to AKTH (R = 0.10) in I/M 7150 aluminum alloy, showing
the morphology in a) underaged, b) peak-aged (T6) and c)
overaged (T7) microstructures.
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Fig. 4.5: Crack path morphology of near-threshold fatigue cracks in
I/M 7150 aluminum alloy in the a) underaged, b) peak-aged
(T6) and c) overaged (T7) conditions.
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Associated Auger measurements of the extent of crack surface
corrosion deposits are shown in Fig. 4.6. In marked contrast to behavior
in lower strength st:eels.37’40 there is no evidence in this present alloy
of any pronounced oxide accumulation within the crack even at threshold
levels. Oxide films were similar for all aging conditions at both load
ratios with a measured thickness, of the order of 3 nm, comparable with
the 1imiting thickness of naturally-occurring oxides in this alloy. As
listed in Table 4.1, the excess oxide film thicknesses in 7150 are small
compared to computed values of the cyclic crack tip opening displacements
(ACTOD) indicating that, for this alloy tested in room air environments,
the contribution from oxide-induced crack closure is likely to be

minimal.

4.3 Discussion

Similar to other aluminum alloys (e.q., refs. 21,27,28,47), the
present results on a high purity 7150 alloy indicate clearly that
underaged microstructures have superior near-threshold fatigue crack
propagation resistance to overaged and peak-aged microstructures. This
is seen in terms of lower growth rates below ~ 1079 m/cycle and higher
threshold 4Kyy values at both low and high load ratios, although the
magnitude of the effect is diminished at R = 0.75 (Fig. 4.2). The higher
thresholds in the underaged structures are consistent with an increased
magnitude in crack closure (Fig. 4.3), faceted and crystallographic
fracture surfaces (Fig. 4.4) and more tortuous crack paths (Fig. 4.5),
compared to the smoother, more linear (undeflected) crack morphology in

overaged structures. Data indicating this trend of lower thresholds with
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Fig. 4.6: Scanning Auger spectroscopic measurements of excess crack

surface oxide deposits as a function of fatigue crack length
and growth rate (da/dN). Data points, for I/M 7150 aluminum
alloy in the underaged (UA), peak-aged (PA) and overaged
(0A) microstructures are compared with prior data®*V on lower
strength steels at low load ratios.
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decreasing Ke1/Knax values and decreasing degrees of fracture surface
roughness for increased aging are listed in Table 4.1.

In keeping with current notions on the role of crack c]osure,45 this
trend, is to be expected. Akin to behavior in dual phase steels,31 beta-

annealed titanium35

and aluminum-lithium a]]oys,27’47 the generation of a
meandering crack path, either by crack deflection at harder phases or in
the present case by crystallographic deflection at grain boundaries, can
lead to slower fatigue crack growth rates through a reduction in local
crack driving force. This results from three major factors: i) lower
effective da/dN due to a lTonger path length of the crack, ii) lower
effective stress intensities at the crack tip due to crack deflection
from the plane of maximum tensile stress, and iii) lower effective
ranges of stress intensity at the crack tip due to the resulting
production of increased crack closure due to asperity contact behind the
crack tip. Since the thicknesses of crack surface oxide films are so
small compared to CTOD values, it would appear that the major
contribution to this closure in the present alloy originates from the
roughness-induced mechanism (Fig. 4.1), aided by the rough out-of-plane
crack morphologies and the crack tip shear displacements which result.
These effects are far less pronounced in the overaged structures where
crack paths are more linear (Fig. 4.5) such that corresponding crack
growth rates are higher. Furthermore, at the high load ratios,
differences between underaged and overaged microstructures are reduced
because the role of crack closure is diminished at the larger crack

opening displacements (Fig. 4.3).

2 pe p@e d-p g

B g e A e e e g e e R i o

o 8%, 08, S0, L NN WL e WY




-29-

This argument is consistent with previous explanations based solely

on microstructural factors.48

In underaged precipitation hardening
systems, where the mode of alloy hardening is primarily the shearing of
small coherent precipitates, the resulting heterogeneous deformation
(i.e., coarse planar slip) promotes a crystallographic crack path.
Because slip is occurring on fewer slip systems, the degree of slip
reversibility is greater and hence the crack tip damage per cycle is
less. Conversely, in overaged systems where the mode of hardening is now
Orowan bypassing of larger, semicoherent or incoherent, non-shearable
precipitates, the resulting homogeneous deformation (i.e., wavy slip)
generates a far more planar fracture surface due to the Targer number of
finer slip steps. This leads to greater slip irreversibility and more
crack tip damage per cycle. Furthermore, the larger precipitate free
zones in overaged 7000 series aluminum alloys, arising from the growth of
incoherent grain boundary precipitates, must contribute somewhat to the
lower fatigue resistance in these microstructures.

Finally, it is interesting to note that the microstructures which
show superior fatigue crack growth resistance at near-threshold levels do
not necessarily retain such resistance at higher growth rates. For
example, although the effect is not apparent in 7150 (Fig. 4.2),
underaged microstructures in many aluminum alloys show faster growth
rates above ~ 10~° m/cycle, and slower growth rates close to AKyy,
compared to overaged structures. Such observations tend to support
explanations based on crack closure since at higher growth rates, with

associated larger crack tip opening displacements, the effect of closure

mechanisms relying on asperity contact (i.e., roughness-induced) would be




reduced. Conversely, where crack closure and deflection mechanisms are
important, e.g., for transient crack growth behavior under variable
amplitude loading conditions, underaged structures clearly show the
longest post-overload retardations and the highest general resistance to
crack growth. However, these planar slip characteristics of coherent
particle precipitation hardened systems, which are so important in
generating superior fatigue crack growth resistance through inhomogeneous
deformation, rough crystallographic crack paths and enhanced closure and
deflection, can lead simultaneously to inferior crack initiation
toughness from a greater tendency for strain localization. This is
particularly evident in aluminum-lithium alloys where the increased
coherency between lithium-containing intermetallics and the matrix can
result in exceptionally good fatigue crack propagation resist:ance.27'47

through enhanced crack path tortuosity, yet at the same time can

produce extremely low fracture toughness values.

4.4 Conclusions

Based on a study of fatigue crack propagation behavior in high
purity 7150 aluminum alloy tested at high and low load ratios in moist
air with under, peak and overaged microstructures, the following

conclusions can be made:

i) With increased aging, resistance to fatigue crack extension is
decreased, in the form of faster near-threshold growth rates and lower
fatigue threshold AKTH values, consistent with reduced measured levels of

crack closure and a decreasing tortuosity in crack path.
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ii) The superior fatigue crack growth resistance of the underaged
structures is attributed to greater slip reversibility and to enhanced
roughness-induced crack closure and deflection from more tortuous crack
paths, factors which result from the non-homogeneous, planar slip
characteristics of deformation in microstructures hardened by coherent
(shearable) precipitates.

iii) Crack flank corrosion deposits in all microstructures were
small compared to near-threshold crack tip opening displacements at both
load ratios, indicating that the contribution from oxide-induced crack

closure in this alloy is minimal.

5. DEVELOPMENT OF CRACK CLOSURE FOR LONG AND SHORT CRACKS

5.1 Introduction

In recent years the existence of a fatigue threshold, representing a
stress intensity range AKyy below which long cracks appear dormant, has
been shown to be intimately associated with the development of crack
closure in the wake of the crack tip (e.g., refs. 34,45). Such closure,
which results from interference between mating fracture surfaces, acts to
reduce the local crack driving force from nominal levels, based on global
measurements of applied loads and crack size, e.g., AK, to some lower
effective near-tip level, e.q., OKq £ There is also a growing body of
evidence that suggests that the "anomalous"” behavior of small cracks,
which are small compared to microstructural size-scales or the extent of
local plasticity or simply physically small (<1 mm), is linked similarly
to the development of c]osur'¢3,10'13'16’19'28’35 as such cracks can

initiate and grow at progressively decreasing growih rates below the

.
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threshold before arresting or merging with long crack behavior (Fig.
2.1). Specifically, small cracks by virtue of their 1imited wake are
presumed initially to be only marginally influenced by closure (e.g.,
refs. 13,16,19) such that, compared to equivalent long cracks at the same
nominal driving force, their effective driving force is higher, implying
violation of K or J-based similitude. With increasing length, the
corresponding development of closure can compensate initially for the
increase in nominal AK, such that the effective driving force can pass
through a minimum, with a corresponding minimum in growth rates. C(Crack
closure, however, is only one of several mechanisms which may contribute
to discrepancies between long and short crack behaviorl? although, in the

20 it appears to be the most

absence of major electrochemical effects,
significant.

Evidence to support such hypotheses is still comparatively limited,
due possibly to theoretical difficulties with the mechanics of cracks of
limiting continuum dimensions and experimental difficulties in monitoring
their crack propagation and closure behavior. Studies in lower strength
steels have claimed a direct correspondence between short crack and
conventional long crack growth rate data when closure is accounted for
through characterization with AKe s, based on experimental Ket
measurements,!349 Mechanistically, this is difficult to rationalize as
current models for crack closure, which rely on mechanisms involving

33 crack surface corrosion product formation,38'40

cyclic wake plasticity,
fracture surface roughness41‘43 fluid pressure within the crack,44 and
metallurgical phase transformations4d (summarized in Fig. 4.1), in

general do not define a crack size dependence of closure forces.
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However, analytical modelling of fluid-induced closure??

and experimental
measurements of roughness-induced closure a]loy528'49 do show increasing
closure with increasing crack length until "saturation" long crack levels
are reached.

One promising experimental approach to describing this role of crack
closure in influencing near-threshold long cracks and sub-threshold short
cracks has been to monitor behavior following the physical removal of
closure forces. This has been achieved principally through the micro-
machining of material left in the wake of the crack tip,24’28’34'49
although one study has employed single compression overloads.25 These
procedures have the added advantage of defining the most prominent
location of closure along the crack length. Recent work employing
mechanical or electro-discharge machined slots to remove wake material in
P/M and I/M aluminum alloys and in low alloy stee1524:28:34:49 nave shown
i) that long cracks previously arrested at the threshold OKpy behave as
short cracks and recommence to propagate at threshold levels and ii) that
closure well behind the crack tip is relatively less important compared
to near-tip closure (i.e., within 1 mm or so from the tip).

The objective of the present investigation is to utilize this
technique to examine the development, location and effect of crack
closure on arrested threshold fatigue cracks in under, peak and overaged

microstructures in a 7150 aluminum alloy, where the salient mechanisms of

closure are a strong function of the degree of precipitation hardening.

5.2 Fatigue Testing
Constant amplitude crack growth data were obtained between ~ 103

and 10-8 mm/cycle under both decreasing and increasing AK conditions.
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Procedures involved in the wake removal experimentz are shown
schematically in Fig. 3.4. A threshold long crack, with total length
(including notch) typically of ~ 25 mm, was produced by manual load
shedding until arrest at AKyy. Material in the wake of the crack tip was
then removed progressively in steps of roughly 1 mm, whilst the specimen
was maintained at mean load, using a fine jeweler's saw with a width of
cut of approximately 300 um. The micro-machining was conducted extremely
slowly to minimize heating effects. Closure measurements to determine
Kcy values were performed after each machining step, with the remaining
fatigue crack varying in length (a) between 7.5 and 0.5 mm. Following
removal of material to within 500 um of the tip, cyclic loads were
reapplied to maintain a constant AK = AKyy, and subsequent crack
extension and closure behavior closely monitored. As the presence of the
machined notch can affect the nominal stress intensity K at the tip of
the fatigue crack, it is necessary to show that notch correction factors
do not compromise the interpretation of the wake removal experiments.

For a small flaw, of length @, emanating from a notch of length ¢, i.e.,

total length a = ¢ + @, the limiting K solutions for the short and long

crack, Kg and Ky, respectively, are given in terms of the nominal stress

%nom? and the stress concentration of the notch kt’ as:50
Ks = 1.12 kg Opo/™3 (5.1)
and Ki = QOopo™@ (5.2)

where Q is the geometrical factor tabulated in handbooks,Sl and the
nominal stress for the compact specimen is given in terms of applied load

P, specimen width W, and thickness 8, as:

“,
.
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Onom 2P%2w-+cc) . (5.3)

With increasing flaw size, &, the actual K solution initially follows Eq.
5.1 until a transition flaw size, E*, is exceeded, whereupon the notch
concentration is no longer felt and the K solution approximates to Eq.
5.2. The transition size, where Kg = Ky, can be considered as the extent

of the elastic field of the notch0 and is given by:

~% C
R U8 V9w 1) L (5.4)

These K solutions are plotted in Fig. 5.1 as a function of @ for the
present experimental conditions at AKTH of P~ 0.55 kN and ¢ ~ 23 mm.
With the compact geometry of W = 50 mm and B = 6.4 mm, k; for the micro-
machined notch, with root radius p ~ 0.2 mm, was taken to be of the order
of 8 from the numerical calculations of Nilson.52 It is apparent that
the notch field is felt only for flaw sizes below @ =~ 50 um (i.e.,
a v p/4). As the minimum length of the remaining fatigue crack, &, in
the current experiments was a factor of 10 larger than this, i.e., v 2%
times the root radius of the notch, Eq. 5.2 relevant to the C(T) geometry
was utilized for all K computations with no notch correction factors
incorporated. Furthermore, crack growth was assumed to be beyond any

mechanically damaged zone due to the machining.

5.3 Results
The variations, with stress intensity range (AK), of crack growth
rates (da/dN) and corresponding crack closure at R = 0.10 and 0.75 are

shown respectively in Figs. 4.2 and 4.3 for 7150 alloy as a functionof

aging treatment. Although behavior is similar at high load ratios, at
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R = 0.10 near-threshold growth rates are slowest, and threshold values

highest, in the underaged microstructures, consistent with their highest
measured levels of closure. As described in Section 4, the extent of
closure at R = 0.10 in all three structures progressively increases with

decreasing AK as the threshold is approached, with K.;/K > 1 as

max
AK + AKpy. No closure could be detected experimentally at R = 0.75.

The specific location of such closure can be inferred from the wake
machining experiments. Shown in Fig. 5.2 is the variation in closure
plotted as a function of remaining fatigue crack length during removal of
the wake of cracks arrested at AKyy. Results for all three

microstructures are plotted in the form of the ratio of K.y/K S a

max 2
function of the remaining fatigue crack length, @, normalized by the
initial length of the threshold crack, ayy. Similar to observations on
T6 a'lloys,21'34 although the extent of closure is fairly evenly
distributed over the majority of the crack length, roughly 50% is
confined to a region within ~ 500 ym of the crack tip at R = 0.10. For
example, at AKyy in the peak aged alloy, the arrested fatigue crack, of
length 3 = 7.5 mm, has a closure stress intensity K.y ~ 2.5 MPa/m
(AKgge * 0.4 MPa/m) at the nominal threshold of AKyy = 2.6 MPa/m
(R = 0.10). After removal of ~ 7.0 mm of wake, closure is reduced, i.e.,

Kcy = 1.1 MPa/m (8K ¢¢ = 1.8 MPa/m), and must be confined to the very

cl
near-tip region. It is noticeable, however, that the overaged condition,
which develops the least closure overall at near-threshold stress

intensities, also has the least closure removed by micro-machining of the

wake material. As expected, the absence of detectable closure at high
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Fig. 5.2:

Experimentally-measured variation in crack closure during
progressive micro-machining of material left in the wake of
long cracks arrested at the fatigue threshold at R = 0.10
and 0.75 in underaged, peak-aged and overaged 7150 alloy.
Plotted is the ratio of closure to maximum stress intensity,
Kc1/Kmax, as a function of remaining length of fatigue crack
a, normalized by its initial length at AKTH, aTH.
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load ratios was not changed during subsequent removal of the wake of
threshold cracks arrested at R = 0.75 (Fig. 5.2).

The effect of the reduction in closure from micro-machining is
readily apparent by immediate re-cycling of previously arrested threshold
cracks, following wake removal, at a constant stress intensity range of
AK = AKyy. As shown in Figs. 5.3 and 5.4, even though nominal AK levels
do not exceed the threshold, crack growth re-commences in all three
microstructures at R = 0.10 with the locally increased BKogg. After an
initial acceleration,* subsequent growth rates in the under and peak aged
structures reach a plateau after ~ 20 and ~ 50 um of crack extension
(i.e., roughly 2 to 7 times the maximum plastic zone size) but do not re-
arrest completely (Fig. 5.3). This presumably is due partly to
experimental difficulties in maintaining constant AK control at the
threshold value in a growth rate regime where the dependence of
propagation rates on stress intensity range is very strong. Behavior in
the overaged structure is somewhat different in that growth rates
following re-initiation are high but progressively decelerate to an
apparent plateau after approximatsly 100 um of further crack extension
(i.e., roughly 15 times the maximum plastic zone size). When plotted in
terms of da/dN vs. AK in Fig. 5.4, such behavior clearly resembles that
of short cracks. K.y measurements carried out where the growth rates

approach the plateau indicated that closure was being regenerated to

*Short delays of ~ 5 x 104 and ~ 3 x 104 cycles were observed in under
and peak aged structures, respectively, at the start of cycling
following micro-machining (Fig. 5.3). Such delayed re-initiation was
conspicuously absent for overaged structures and is of unclear origin.
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levels approaching, but always less than, that for the constant amplitude

data (Table 5.1). However, for the tests performed at high 1oad ratios
on the peak aged condition, where no closure could be measured, no
development of closure or further extension of the arrested threshold
cracks could be detected on re-cycling at AKyy (Fig. 5.3b).

The near-threshold fractography associated with such behavior is
summarized in Fig. 4.5 and is described in Section 4. Briefly, fracture
surfaces in the underaged microstructures at low AK levels are
comparatively rough and faceted with a crack path morphology showing many
examples of deflection. With increased aging, fracture surfaces become

progressively smoother with an essentially linear profile in crack path.

5.4 Discussion

The present study, whereby cracks arrested at OKyy recommence to
propagate due to a reduction in K.y following wake removal, provides
further confirmation that the existence of a fatigue threshold for the
propagation of "long" cracks at low load ratios is controlled primarily
by a decrease in local driving force due to the development of crack
closure in the wake of the crack tip. The lack of a similar effect at
high load ratios is consistent with this notion as the role of closure is
minimized there from the larger crack opening displacements. Further, by
monitoring the reduction in K.y during the removal process, it is also
clear that, although such closure is distributed fairly evenly over most
of the crack length, as much as 50% is confined to the crack tip region
within 500 uym or so from the tip. It should be noted at this point that

the above interpretation of the wake removal experiments, which also

represent the behavior of physically short cracks emanating from notches,
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can be questioned in light of the stress concentration of the machined
slot and the effect of any machining damage on subsequent crack
extension. However, based on the stress intensity computations shown in
Fig. 5.1, it is clear that such complications are inappropriate in the
current study as the minimum length of the remaining fatigue crack was
always large compared to the root radius of the machined slot and no
effects were observed during identical experiments at R = 0.75.

Although values of K.y are reduced by micro-machining of the wake
causing crack propagation at AKyy, closure re-develops on further crack
extension to approach ~ 70 to 80% of previous (pre-machining) levels
(Table 5.1). This is manifest as a slowing down in post-machining growth
rates to approach an apparent plateau (Fig. 5.3), where the da/dN data
tend to merge with the long crack constant amplitude results (Fig. 5.4).
The plateau is reached quite rapidly in the underaged structure after
"~ 20 um of crack extension, compared to ~ 50 and ~ 100 ym in the peak and
overaged structures, respectively. Although precise interpretation is
difficult in view of uncertainties in data taken over size-scales not
much larger than the resolution of the crack monitoring technique, the
inference from this result is clear. Significant crack closure can
develop over smaller amounts of crack extension in the underaged
structure compared to the more heavily aged conditions. Furthermore, the
distances involved are comparable with microstructural dimensions and are
far larger than the size-scales representative of local crack tip
plasticity (c.f., maximum and cyclic plastic zone sizes in Table 4.1).

Such results are consistent with the origin of crack closure

mechanisms in precipitation hardened aluminum alloys, which tend to be
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Table 5.1: Crack Closure Data for 7150 Alloy at AK = AKTy (R = 0.10)

Experimental Kc1/Kpax Values at Threshold

At Initial Following Following Subsequent
Arrest Wake Removal  Growth to “"Plateau"
Underaged 0.88 0.37 0.61
Peak-Aged (T6) 0.85 0.36 0.59
Overaged (T7) 0.7% 0.48 0.57

based largely on microstructural rather than continuum plasticity
factors.21 Near-threshold crack growth in underaged structures, by
virtue of the inhomogeneous mode of deformation (i.e., coarse planar
s1ip) resulting from coherent (shearable) particle hardening, is
generally far more crystallographic in nature than in peak and overaged
structures.8 This gives rise to a rougher, more faceted fracture
surface indicative of a meandering crack path with many deflections from
the normal crack propagation plane. These fracture surface morphologies
primarily enhance roughness-induced crack closure, such that closure
levels in general are higher. Correspondingly, near-threshold growth
rates are lower than in the more heavily aged microstructures, where the
more homogeneous mode of deformation (i.e., wavy slip) from incoherent
(non-shearable) particle hardening promotes a more linear crack path.

In the context of the present results, as fatigue crack closure
clearly develops over microstructural dimensions in this alloy, it is
promoted in the underaged structures where the roughness-induced
mechanism is most potent due to the tortuous nature of the crack path
(see Section 4). The formation of closure in the more heavily aged

microstructures, where fracture surfaces are far smoother, is thus less
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efficient and correspondingly must involve larger amounts of crack
extension to re-develop. Since the yield strengths of the under and
overaged structures are identical, their markedly different post-
machining fatigue behavior strongly suggests that the above effects are
microstructure and closure-related, rather than a sole function of notch
or crack tip p]asticity.53

Although the current experiments have not been performed on
naturally-occurring short cracks, they do indicate that when fatigue
cracks possess a limited wake, e.g., when they are short or emanating
from a notch, they are subjected to a smaller influence from closure
forces, which accounts for their ability to propagate at nominal stress
intensities below the fatigue threshold. Mureover, their subsequent
crack propagation will depend strongly on the generation of crack
closure. As the effective crack driving force for this process, e.qg.,
AKeff, must reflect both an increase in crack length (which increases
AKeff) and an increase in closure (which decreases AKeff), subsequent
behavior will depend predominately on the efficiency of developing new
closure and the specific mechanisms involved. This can be governed by
mechanical factors, such as the creation of a wake of plastically-
deformed material, environmental factors, such as the oxidation of the
crack surface, or microstructural factors, such as the interaction and
deflection of the crack at phase or grain boundaries. This implies that
growth rates in this regime will be non-unique with stress intensity
range, i.e., K-based similitude is violated.20 [n the present case,

where the contribution from roughness-induced closure varies with aging

treatment, it is the microstructural factors which appear prominant.
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Thus, as illustrated in Fig. 5.4, depending upon the particular aging
condition, growth rates may increase or decrease with increasing crack
length, before merging with the long crack constant amplitude data,

similar to naturally-occurring short crack behavior.

5.5 Conclusions

Based on a study of the development, location, and effect of crack
closure on near-threshold fatigue growth rate behavior in 7150 aluminum
alloy heat treated in the under, peak and overaged conditions, the

following conclusions can be made:

1. The existence of a threshold stress intensity range for the
extension of long fatigue cracks appears tu be controlled primarily by
the level of crack closure.

2. Based on the measurement of closure stress intensities during

the in situ removal of material left in the wake of threshold cracks

arrested at AKyy, approximately 50% of the closure was found to be
confined to the immediate vicinity of the crack tip (i.e., within 500
um).

3. On removal of wake material to within 500 um of the tip,
previously-arrested cracks (at R = 0.10) recommenced to propagate even
though nominal stress intensity ranges did not exceed threshold levels,
representing the behavior of physically short cracks emanating from
notches. In similar experiments performed at high load ratios
(R = 0.75), threshold cracks remained dormant.

4. At threshold levels, crack closure re-developed on subsequent

extension of the physically short cracks over distances comparable with
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microstructural dimensions, leading to a deceleration in growth rates.
The development of closure was most efficient in the underaged
microstructures where the inhomogeneous nature of deformation promoted

faceted crack growth and hence roughness-induced crack closure.

6. ROLE OF CRACK TIP SHIELDING IN LONG AND SHORT CRACK GROWTH
IN 2124 ALLOY

6.1 Introduction

There are many factors which contribute to differences in behavior
between long and short car'acks.1'20*28'35'49 The problem of
microstructurally-small flaws, for example, may simply result from the
inappropriate use of continuum mechanics involving the preferential
initiation and growth of flaws in "soft spots" in the microstructure.
Conversely, where crack sizes are comparable with the extent of crack tip
plasticity, or where cracks are embedded within the plastic zone of a
notch, differences may result simply from the inappropriate use of LEFM
in characterizing crack tip fields.>3 Other major differences have been
related to the three-dimensional nature of crack growth,49 anomalously
higher plastic strains at the tips of microstructurally-small cracks,54
and environmental effects.ls'z0 However, in essence, the problem is one
of a breakdown in simih’tude20 and thus in defining the appropriate
"crack driving force" for small crack growth. Such a driving force must
account for excessive plasticity ahead of the crack tip and more
importantly crack tip shie1din928 behind it.

Whereas crack tip plasticity, non-uniform growth, and environmental

effects all represent important factors which distinguish the behavior of
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small flaws, explanations based on shielding, principally relying on a
reduced effect of crack closure at small crack sizes, appear to be the
most critical (e.g., refs. 16,19,24,34,49). Theoretical models, however,
showing a variation in closure with crack length are rare. In fact,
apart from the finite element models of plasticity-induced closure (e.g.,
ref. 55), only the analytical model of fluid pressure-induced closure??
predicts a reduction in closure at short crack sizes. Furthermore, owing

to difficulties in experimental measurement, there are few experimental

results which provide confirmation.

6.2 Crack Tip Shielding

In fracture mechanics terms, the extension of a crack can be
considered to be driven by the presence of a "crack driving force® and
opposed by the resistance of the microstructure. Here the driving force
is generally defined by a field characterizing parameter, such as the
stress intensity K; or path-independent integral J, which describes the
dominant stress and deformation fields in the vicinity of the crack tip
from a knowledge of crack size, applied load and geometry. By
similitude, cracks are then assumed to extend at equal rates when
subjected to equal "driving forces". Crack advance is thus restrained by
lowering the applied load or by "toughening" the material, e.g., impeding
crack growth through compositional or microstructural modification.

In alloy design, it is generally the perception that toughening, or
more generally resistance to crack growth, is achieved by increasing the
inherent microstructural resistance, e.g., by coarsening particle
spacings, increasing ductility, etc.; a process termed intrinsic

toughening. However, in many material systems, e.g., during fatigue
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crack growth in metals, and cracking in ceramics, rocks and fiber
composites, the actual source of toughness may be distinctly different,
arising from mechanisms of crack tip shielding.28 Here crack extension
is impeded, by mechanical, microstructural and environmental factors
which locally reduce the crack driving force; a process termed extrinsic
toughening.

The various micro-mechanisms of crack tip shielding, categorized
into several distinct classes, are illustrated in Fig. 6.1. These
classes involve shielding from a) crack deflection and meandering, b)
inelastic or dilated zones surrounding the wake of the crack, termed
"zone shielding", c) wedging, bridging and/or sliding between crack
surfaces, termed "contact shielding", and d) combined zone and contact
shielding.28

Under monotonic loading, shielding results in a reduction in the
local driving force, whereas under cyclic loading the effect may take
different forms (Fig. 6.2). Since the principal driving force for
fatigue crack advance (under small-scale yielding) is the range of stress
intensity, AK may be reduced locally by a decrease in Kmax and a smaller

decrease in Ky, as with crack deflection; a decrease in K and an

max
increase in Kgi,, as with briding or sliding; or simply an increase in
Kmins aS in wedging. The nature of the mechanism or combination of
mechanisms involved will thus dictate the specific behavior observed.
For example, crack deflection produces a multiplicative reduction in the

local Mode I stress intensity,46 and thus may be expected to have an

equal effect throughout the range of growth rates (unless the crack path

morphology changes). Zone shielding from enclaves of plastic zones or
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EXTRINSIC TOUGHENING MECHANISMS

I CRACK DEFLECTION AND MEANDERING :/@

2. ZONE SHIELDING

— transformation toughening

— microcrach toughening

— crack woke plosticity

— crack field void formotion —_—ttoiy,’

— re@siduol stress fields

)
— crock tip dislocation shielding T::
3. CONTACT SHIELDING
— wedging:
corrosion debris-induced crack closure LT
crack surface roughness -induced closure M
— bridging: .
ligoment or fiber toughening % a
— sliding:
—
sliding crock surface interference —a——

— wedging + bridging:

fluid pressure-induced crack closure s

4. COMBINED ZONE AND CONTACT SHIELDING

— plasticity-induced crack closure %

—- phase transformation-induced closure XY

Fig. 6.1: Schematic representation of the classes and mechanisms of
crack tip shielding.
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dilated zones of material undergoing phase transformation, microcracking
or void formation, on the other hand, produces a fixed reduction in local
stress intensity, at least for a constant equilibrium zone size.56 These
mechanisms are thus less potent in fatigue as the range of stress
intensity remains unchanged, although the mean Ky or load ratio (R =
Kmin/Kmax) is reduced. Contact shielding through wedging, conversely,
raises the local stress intensity under monotonic loading, yet reduces
the driving force for fatigue by opposing the closing of the crack. This
latter process is the essence of the well-known phenomenon of fatigue
crack closure, whereby the nominal AK range is reduced by effectively
raising Kpi,. Contact shielding through bridging (e.g., ligament or
fiber tougheningS7), or sliding (e.g., sliding crack surface
interference58L results in a reduced driving force for both monotonic
and cyclic crack extension as these mechanisms oppose both the opening
and closing of the crack.

The direct implications of crack propagation dominated by shielding
are a reduced cracking rate, from the lower local driving force, and
crack-size dependent behavior, as the shielding mechanisms act on the
wake of the crack. Three important scenarios follow.

First, the material will show resistance-curve fracture toughness
behavior where the driving force to sustain cracking will increase with
increasing crack length (until steady-state). Such R-cruves are common
in ductile metals, where zone shielding from prior plastic zones left in
the wake of the crack induces a lower strain singularity ahead of the tip
(c.f., the 1/r strain singularity for a fully plastic stationary crack

with the In{(1/r) singularity for a non-stationary crack®9:90),  Marked R-




curve toughness behavior is also evident in ceramics,’® where shielding
can occur from transformation and microcrack toughening, and in rocks,
where shallower curves have been reported due to microcracking
phenomena.

Second, microstructural factors known to be beneficial for
resistance to crack initiation and the growth of small cracks may have a
very different effect on the growth of long cracks.19 This follows
because the role of extrinsic mechanisms becomes negligible where the
crack wake is small or non-existant. There are numerous examples of this
in the fatigue literature; for example in steels, increasing yield
strength or decreasing grain size results in lower thresholds for (long)
crack growth, yet higher thresholds for crack initiation, i.e., higher
fatigue limits.l 1In addition, grain size, texture, slip character and
precipitate/phase distribution appear to have a relatively minor
influence on small crack growth,61 yet these factors have a significant
influence on long crack growth rates primarily through their effect on
crack closure and deflection.?®

Third, “small crack" effects are to be expected, since, at the same
nominal driving force, the small crack may experience a higher local
driving force, due to diminished shielding, which causes it to propagate
at a rate in excess of the long crack.

During Mode I fatigue crack propagation, the predominant shielding
mechanisms are crack closure, induced primarily by cyclic p1asticity33
(combined zone and contact), corrosion debris,38-40 fracture surface

roughness (contact by wedging) and fluid pressure44 (contact by combined

wedging and bridging), and to a lesser extent crack deflection?t
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(although deflection promotes roughness-induced closure). With the
exception of the plasticity-induced mechanism, all are enhanced at near-
threshold stress intensities due to the smaller crack tip opening
displacements and a greater tendency of fatigue cracks to follow a
microstructurally-sensitive or crystallographic crack path. It is in
this regime, pertinent to the present study, where the most important
small crack effects are found and moreover where the microstructural
features favoring (long) crack growth are most at variance with those
favoring initiation.45 Accordingly, experiments were designed to
demonstrate the size-dependence of short crack growth rates and to verify
the dominant role played by crack tip shielding in promoting such

behavior.

6.3 Results
Long Crack Behavior:

Fatigue crack growth rate data at R = 0.1 for underaged and overaged
microstructures in 2124 alloy are shown in Fig. 6.3 for 17.5 to 38 mm
long cracks over the range 5 x 10-11 to 10-7 m/cycle. Corresponding
results at higher load ratios are shown in Fig. 6.4, Growth rates
(da/dN) are plotted as a function of both the nominal stress intensity
range, AK, and, after allowing for crack closure (Fig. 6.5), the

effective stress intensity range, AKeff, defined as K K

max - "“cl-

Similar to long crack results in 7000 series alloys (Fig. 4.1),
underaged structures show lower near-threshold fatigue crack propagation
rates and higher threshold AKry values compared to overaged structures.

Such superior crack growth properties have been associated with the

planar slip characteristics of coherent particle hardened
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AK,,, and 3K (ksi-in"")

underaged (T351) and overaged 2124 alloy at R =

Growth rates are plotted as a function of the nominal stress
intensity range, AK, and AKeff after correcting for crack

closure,

da/dN (in/cycle)
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growth rate behavior presented in Fig. 6.3.
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microstructures, as described in Section 4. The roughness-induced
mechanism appears to be the most prominant mode of closure for air
environments in this alloy as the extent of fracture surface corrosion
deposits remain small compared to crack opening displacements and higher
closure levels are detected in the underaged condition. However, it is
clear from Fig. 6.3 that considerations of crack closure alone do not
account for the full effect of microstructure on near-threshold growth
rates,

Conversely, the effect of load ratio in lowering 8Kyy values and in

accelerating near-threshold growth rates appears to be attributable
solely to a reduced influence of closure. As shown in Fig, 6.4, growth
rate data are threshold values for load ratios of 0.1, 0.5 and 0.75,
become virtually identical when AK,¢s¢ is used in place of AK as the crack
driving force.

From Fig. 6.5, it is clear that the magnitude of closure for long
cracks increases as the stress intensity range is decreased towards the
threshold. To define the distribution of such closure along the crack
length, measurements of Ke1 were made on arrested threshold cracks (at
R = 0.1) during the progressive removal of their wake. Results, in the
form of the reduction in K.y as a function of the length of the remaining
(unmachined) fatigue crack (Fig. 6.6), indicate significant closure in
the immediate vicinity of the crack tip, consistent with previous
studies (described in Section 5). In the present underaged
microstructure, over 60% of the closure is located within 900 ym of the

tip.

-------------------------
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Following removal of their wake, threshold cracks arrested at

R = 0.1 were observed to propagate when cycling resumed at the threshold
AKyys similar to behavior reported for 7090, 7150 aluminum alloys and
A508 steel.23:24,34,49 g ch observations of crack growth at the
threshold provide confirmation that experimentally measured values of
Kty are associated primarily with the build-up of closure, and do not
necessarily represent an intrinsic material threshold. Consequently,
where shielding mechanisms are inhibited, such as with small flaws or
cracks at notches, or in the presence of compressive overload
cyc]es,zs’%'27 the consequent increase in near-tip driving force may
result in crack growth at or below AK7ys and in general to growth rates

which exceed those of long cracks at the same stress intensity level.

Short Crack Behavior at Notches:

The experiment described above, where crack extension at OKpy was
observed following removal of the wake of an arrested threshold crack,
additionally provides an example of the accelerated growth of short
cracks at notches, i.e., a fatigue crack (of length 250 um) growing from
a notch (of root radius ~ 300 um) in a region well beyond the notch
field. Under constant load conditions with AK initially at A&Kyy, cracks
at R = 0,75 remain stationary, whereas at R = 0.1 they commence to
propagate in both structures. Even though the nominal AK levels are
marginally increasing, such growth occurs at a progressively decreasing
growth rate over the first 300 ym, displaying the "trough-1ike" behavior
characteristic of small cracks at near-threshold levels (Fig. 6.7).

Such behavior can be readily accounted for by considerations of

crack tip shielding, specifically through characterization in terms of a
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local driving force (see Section 5). Concurrent back-face strain
measurements of K., over the 1 mm of growth following wake removal, show
a steady increase in closure with initial short crack extension (Fig.
6.8). The value of Kcy approaches an apparent saturation value, after
roughly 400 uym of crack extension, comparable with the long crack K.
value at threshold. As indicated in the figure, when such Koy data are
incorporated into the calculation of an effective stress intensity range,
it can be seen that the initial progressive reduction in growth rates
shown by the short crack is directly consistent with a corresponding
progressive decrease in AKeff.

It should be noted that the "small crack effect" observed in this
experiment was achieved with a short crack of length 200 to 400 um;
length dimensions which are large compared to the scale of local
plasticity (maximum plastic zone sizes do not exceed 20 um). Thus, so-
call.. "anomalous"” behavior of small flaws does not necessarily result
simply from a breakdown of linear elastic fracture mechanics, but rather
from differences in the local crack driving force due to the varying

influence of crack tip shielding with crack length.

Physically-Short Crack Behavior:

Results for the behavior of physically-short cracks growing from a
free surface are shown in Figs. 6.9-6.10 for the underaged (T351)
microstructure. Specimens were cycled at a series of stepwise increasing
OK levels starting well below the threshold AKyy. As shown in Fig. 6.9,
for an initial crack length of approximately 50 um, short crack growth

commences with a rate initially exceeding 10-8 m/cycle at a AK level as

low as 0.58 MPa.m, only to decelerate progressively until arrest at 0.67
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Fig. 6.10: Variation in da/dN and Kc}/Kpax with crack extension during
sub-threshold propagation of physically-short cracks in
2124-T351 alloy, corresponding to data in Fig. 6.9. Note
how crack closure is generated during initial crack
extension (a = 90 to 230 um), concurrent with the
progressive decay in growth rates to crack arrest.




MPa/m after an extension of roughly 140 uym., After an increase in applied
load, cracking abruptly re-starts, again followed by progressive
deceleration to arrest. This sequence of events is repeated several
times until the crack length reaches 450 um, whereupon the short crack
data merges with long crack results following a characteristic minimum in
growth rates.

During each deceleration and arrest event for the short crack, the
development of crack closure with crack extension was closely monitored.
Results for one such event, involving the extension of a 90 um long crack
to 230 ym, are shown in Fig. 6.10. The progressive reduction in growth
rates leading to arrest can be seen to be associated directly with a
concurrent increase in crack closure, which results in a corresponding
reduction in AK,¢¢. The magnitude of this increase is associated with
very high levels of K.y/Kpayx approaching 0.9, far in excess of those for
long cracks. Although closure data were not measured during every arrest
event in Fig. 6.9, it was apparent that, since the crack retained closure
generated from previous load steps, there was a cumulative increase in

Kc1 throughout the entire sequence.

6.4 Discussion

The current experimental results provide quantitative evidence of
the dominant role of crack tip shielding, specifically from fatigue crack
closure, in influencing the near-threshold behavior of both long and
physically-short fatigue cracks. First, with respect to long cracks,
wake machining experiments clearly show that i) the existence of a
threshold stress intensity range for no crack growth, AKTH, and ii) the

effect of load ratio in influencing AKyy, can be attributed to variations
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in the magnitude of the closure stress intensity, Keye The commonality
of threshold values for each structure, when computed in terms of BKe £fs
would appear to suggest that some intrinsic threshold does exist for long
cracks.

Second, for (two-dimensional) physically-short cracks, both
emanating from a sharp notch or at a free surface, observations of crack
growth at stress intensities below AKyy, at rates which progressively
decay to arrest or merge with long crack data, have been shown to be
associated quantitatively with an initial lack of shielding and its
subsequent development with crack extension, Specifically, the sub-
threshold decay in short crack growth rates has been related to a
concurrent increase in K.y, such that the local driving force, 0Kg £ >

sees a minimum.

6.5 Conclusions

Based on an investigation into the role of crack tip shielding in
influencing the behavior of long and small fatigue cracks, involving an
experimental study of long (2 25 mm) and physically-short (v 50-400 um)
near-threshold cracks in 2124 aluminum alloy, the following conclusions

can be made:

1. The existence of a threshold stress intensity range AKgy for the
dormancy of long cracks was found to be associated with high levels of
crack closure, with values of Ke1/Kmax @approaching 0.7. By accounting
for such closure through the use of the AK,¢s parameter, the influence of

load ratio, but not microstructure, in affecting long crack growth rates

and threshold values became minimal.
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2. Through removal of material from the wake of long cracks,

arrested at the threshold, to discern the distribution of shielding, over
60% of the closure was found to be located within 900 um of the crack
tip.

3. Through-thickness physically-short cracks, both emanating from a

sharp notch or from a free surface, were observed to propagate at nominal

stress intensity ranges at, or below, AKyy. Short crack growth rates
were observed to decay progressively until arrest (or before merging with

long crack data), concurrent with a measured increase in Kep and

L gie BT b B8

consequent reduction in BKo ff-
4, Differences in behavior between long and physically-short cracks

appear to be rationalized largely by the variation in crack closure with

ve &i R

the extent of crack wake. However, as short cracks were still observed
to propagate below the effective threshold stress intensity range (after
accounting for closure), other factors, such as enhanced crack tip

plastic strains, must be involved.

7. ROLE OF COMPRESSION OVERLOADS IN INFLUENCING FATIGUE CRACK
PROPAGATION IN 7150, 2124 AND 2090 ALLOYS

Shan an Ml MR e g ae on SR R S

7.1 Introduction

\ Whereas compression cycles are often a common occurrence in service,
particularly for aerospace applications, and are known to be of
importance in the process of crack initiation in smooth specimens, their

effect on the propagation of (long) fatigue cracks, at least at

intermediate to high AK levels, has long been considered to be minimal

(e.g., ref, 62). This is in keeping with standard fracture mechanics
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concepts which imply that the crack will be closed during the compressive
portion of the cycle, necessitating a stress intensity of zero at the
tip, and the fact that tests invariably have been performed on long
cracks where the magnitude of both tensile and compressive stresses are
small. Although data are limited, several authors have found growth
rates to be slightly faster at negative load ratios compared to R = 0 in
both steels and aluminum a110ys,52'58 although the effect is negligible
in certain alloys such as 7075-76.62  under variable amplitude fatigue
loading, however, cyclic compressive stresses immediately following
tensile overloads are known to lessen the post overload retardation in
growth rates which usually accompanies single tensile over'loads.ﬁg'71
Moreover, under certain conditions of cracks initiating from notches,
fatigue crack growth has been demonstrated under purely cyclic
compressive loading.72 In fact, the technique has been used as a
reliable means of producing small flaws for short crack experiments.m’65

Unlike behavior at higher growth rates where effects are small,
recent studies at near-threshold levels have highlighted a significant
role of compressive cycling on crack extension behavior.zs'zs’ss‘ss’78
Not only are threshold AKyy values lower at R = -1 compared to R = 0, but
large periodic compressive cycles (of the order of one half the yield
stress) applied during positive R cycling have been shown to dramatically
reduce the threshold and to accelerate crack growth rates in both mild
stee188 and 2024-13 aluminum.57'68 Physical explanations for these
effects remain unproven, although several suggestions have been proffered

including redistribution of residual stresses ahead of the crack tip and

reduced closure forces due to a diminished deformation zone left behind
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the crack tip.67

In addition, periods of compression during the fatigue
cycle are likely to result in a flattening of fracture surface asperities
and a compacting of corrosion debris on crack faces, both processes
leading to a reduction in closure via the roughness-induced and oxide-
induced mechanisms, respectively.

The objectives of the current study were to investigate the role of
single compression overload cycles on the propagation behavior of cracks
arrested at the threshold, and specifically to monitor the variation in
crack closure, both macroscopically in terms of K.y measurements and
microscopically in terms of changes in fracture surface morphology.
Precipitation hardened aluminum alloys 7150, 2124 and 2090 were chosen

for the study because in such systems the operative mechanisms of closure

can be readily varied by heat treatment.

7.2 Experimental Procedures

Compression overload experiments were performed by first determining
the long crack threshold using manual load shedding cycling, as described
elsewhere.l In this manner, constant amplitude (steady-state) crack
growth data between -~ 106 and 10-11 m/cycle were obtained under
decreasing AK conditions, with the threshold AKyy operationally defined
as the highest stress intensity range giving growth rates less than 10'11
m/cycle. Single (spike) compressive overloads were then applied to
cracks arrested at AKyy. The length of such arrested cracks was of the
order 5 to 7 mm beyond the 17.5 mm initial notch in the compact specimen,
i.e., a =~ 23 to 25 mm., With the applied loading conditions then

maintained at a constant 4K = AKyy, subsequent growth rate and crack

closure behavior were monitored closely. The magnitudes of the
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compression overload cycles were varied between 1 and 5 times the maximum
tensile load in the fatigue cycle, i.e., up to a maximum compressive load
between 1.8 and 2.8 kN corresponding to a fictitious "negative" stress
intensity of 12 to 17 MPa/m. The application of the single compression
overloads at AK = AKpy was repeated two or three times on each specimen

with at least 200 um of crack extension between each event.

7.3 Results
Steady-State Fatigue Behavior: 7150

The variation in fatigue crack propagation rate (da/dN) and
corresponding crack closure data as a function of the nominal stress
intensity range (4K), at R = 0.10 and 0.75, are shown in Figs. 4.2 and
4.3 for the under-, peak and overaged microstructures in 7150 alloy under
steady-state (non variable amplitude conditions). Results indicate that
the progressively lower threshold values (and higher near—thresﬁo]d
growth rates), which are seen with increased aging, are consistent with
less measured closure at R = 0.10. Relevant threshold data for these
microstructures, including the extent of crack surface oxidation and

degree of fracture surface roughness, are listed in Table 4.1.

Steady-State Fatigue Behavior: 2090-T8E41, 2124

Fatigue crack propagation rate data for 2090-T8E4] are plotted in
Fig. 7.1 as a function of AK and 0Kggg. Data are compared with 2124
alloy. Corresponding closure K.; values are given by the data points in
Fig. 7.2, At R = 0.1, the alloy shows a nominal fatigue threshold of
OKyy = 3.4 MPa/m, which is comparable with other high strength aluminum

alloys, such as 2124 and 7150, in their commercial tempered conditions
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Fig. 7.2: Variation in closure stress intensity, Kcy, normalized with
respect to Kpax, with nominal stress intensity range, AK,
for 2090-T8E41 alloy at R = 0.10. For comparison, crack
closure data are also shown for 2124 and 7150 alloys.
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(Fig. 7.3). Despite having at least 30% higher strength than the other
alloys, crack advance in 2090 can be seen to be consistently slower over
the entire range of growth rates (except for near-threshold growth in
2124-T351), and to show a particular superiority above 10-2 m/cycle. The
latter observations are not associated solely with an increased elastic
modulus, as 2090 still shows lower growth rates compared to 2124 and 7150
when the data are replotted in terms of AK, normalized with respect to
Young's modulus (Fig. 7.3b). Conversely, the improved crack growth
properties appear to be consistent with the fact that, unlike 2124, crack
closure levels in 2090 do not decay rapidly with increasing stress
intensity range above the threshold; rather K.; values remain above 50%
Kmax Out to AK Tevels above 7 MPa/m (Fig. 7.2).

The higher levels of crack closure, which give rise to a lower AK,¢¢
and hence to slower growth rates, are consistent with the highly
crystallographic nature of the crack path in 2090, compared to
traditional aluminum alloys, such as 2124, as illustrated in Fig. 7.4.
Similar to that reported for other aluminum-lithium a]loys,47 the crack
path shows frequent deflections at both near-threshold and particularly
higher AK levels, giving it a marked "zig-zag" appearance from
propagation along slip bands. Resulting fracture surfaces are thus
characterized by numerous "cleavage-like" facets, with additional
evidence of secondary cracking.

Although such crystallographic crack path morphologies are not
uncommon in precipitation-hardened aluminum alloys, particularly at near-
threshold levels in coherent particle-hardened (planar slip)

microstructures (see Section 4), behavior in Al-Li alloys is striking in
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that this mode persists to much higher growth rates, accounting for the
higher levels of closure and much slower growth rates above 10-9 m/cycle.
In this regard, aluminum-lithium resembles other alloy systems with
strongly planar slip characteristics, such as the nickel-based
superalloys, where a marked crystallographic crack growth is observed up
to high AK levels.”? It is in contrast to conventional alloys where the
crystallographic mode predominates only at low stress intensities,
approximately where the cyclic plastic zone size is of the order of, or

less than, the grain size. %S

Compression Overload Experiments: 7150

Application of 100 to 300% single (spike) compression overloads
(corresponding to 1 to 3 times the peak tensile 1oads) was observed to
have no effect on crack closure or crack growth of arrested cracks at the
threshold in 7150 alloy. Crack growth behavior following the application
of 500% compression overloads, however, is shown in Fig. 7.5 for the
underaged, peak aged and overaged microstructures. Here the compressive
cycle has been applied and the subsequent closure and growth rates
monitored under constant AK = AKyy cycling conditions. It is clearly
apparent that the application of the compressive overload causes
immediate propagation of the arrested cracks, even though the stress
intensity range does not exceed AKgy. Moreover, under such constant AK
conditions, the initial acceleration, to as high as ~ 10-8 m/cycle, is
followed by a progressive deceleration in growth rates until re-arrest.
The extent of crack growth before re-arrest occurs is of the order of 60
um in the underaged structure, far smaller than in the peak and overaged

structures where the crack extends a further 130 and 170 um,
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respectively, before arrest. Application of a second single compression
overload on the re-arrested crack at this stage produced identical
results.

Such behavior was accompanied by significant changes in the
magnitude of the crack closure. The initially high closure values which
are associated with the original arrest at the threshold, i.e., Kcl/Kmax
values of the order of 0.75-0.85, were reduced immediately by 16 to 28%
to approximately 0.60 by the compressive overload. With further crack
extension, however, the closure was re-generated until arrest again
occurred at a K.y/Kpax level similar to that of the original (pre-
overload) threshold. Such closure measurements, together with the
corresponding effective AK,¢¢ values, are listed in Table 7.1. Plots of
the pre- and post-overload growth rates as a function of both AK and
Ko ¢, computed from these data for individual tests, are shown in Figs.
7.6 and 7.7, respectively. It can be seen that the "anomalously" high
growth rates at AKpy, resulting from the application of the compression
cycles, fall within the scatter-band for steady-state growth rates when
characterized in terms of AK,¢e rather than AK. This clearly implies a
dominant role of closure. Following compression overload cycles, the
well-defined features of the fatigue fracture surfaces (e.g., Fig. 4.4)
become obscured somewhat. As shown in Fig. 7.8, there are clear
indications of abrasion, compacted fretting oxide debris and the cracking
and flattening of fracture surface asperities close behind the crack tip.
These features, which always predominated in the immediate vicinity of
the crack tip, were profuse in underaged structures where the asperities

were most pronounced due to the faceted nature of the crack path.
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Fig. 7.8: Scanning electron micrographs of fatigue fracture morphology ‘
in underaged 7150 aluminum alloy directly behind the crack :
tip at the threshold (AK = 3.2 MPa,/m), showing a) well- 3
defined facets before the application of the compression y
overload, and b) fretting oxide debris, c) asperity
flattening and d) asperity cracking after the application of 3
the overload. Arrow indicates general direction of crack 3

growth. A
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Compression Overload Experiments: 2090-T8E41

The effect of single (spike) compressive overloads on cracks in 2090
arrested at AKyy is shown in Fig. 7.9, in terms of post-overload crack
extension as a function of number of cycles. The applicationof a 100%
compression cycle (corresponding to a compressive load of equal magnitude
to the peak tensile 1oad at threshold) showed no detectable effect on
either crack closure or crack growth. Compression cycles of 200% and
above, however, resulted in rapid crack extension, following short
dormant periods, even though conditions were maintained at a constant AK
equal to the threshold. Above 400% compression, cracking commenced
immediately following the overload, without any dormant period.

The initial acceleration at AKyy, which is shown in Fig. 7.10 as
function of compressive l1oad amplitude, was followed by a progressive
deceleration in growth rates until re-arrest. Post-overload crack
extensions to re-arrest ranged from 110 um, following 200% compression,
to 410 um, following 400% compression. Similar to 7150 alloy, such
behavior was found to be concurrent with a measured reduction in K.; at
the overload, and the subsequent re-generation in closure with further
crack extension. Quantitative estimates of the consequent increase in
local "crack driving force", BKo¢g» at the overload, and its decay with
crack extension until re-arrest, are plotted in Fig. 7.11.
Fractographically, the reduction in closure following compression
overload cycles could be attributed to signs of fretting debris and

specifically to compaction of asperities and abrasion on fracture

surfaces, similar to behavior in 7150.
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K.
N
Y

N ~ A A o o T A AL A - A L A A" AL A" T e m et e et e Tt T e e e et et at At A - -
UMM I N XMNG i O Aot o AN N AT AN AT P P AN N T O T S T P oy ‘-'..\'\‘\-‘\n‘



-86-

7.0
Effect of Compression Overioad
6.01 =« 2090-T8E41 .
™~ o 2124-T351 7150-T751
S .,| ° 7150-T651
g s 7150-T751
S
£
®
o 4.0 -
wi d
é 3.0
.;_: 2090-T8E41
c;> 204 2124-T351 7150-T651
c
O
-
é 1.0 - “
Z
00w s a A
100 200 300 400 500

% COMPRESSION OVERLOAD

Fig. 7.10: Comparison of compression overload results for 2090-T8E4l
with results for 2124 and 7150, showing initial crack
growth rate, following the compression cycle, as a function
of the magnitude of the overload. Note the increased
sensitivity of the aluminum-lithium alloy to the
compression cycles.
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5.0
|
| overload K

4.0 * max

3.0 '+ 200% 300% 400%

2.0

2090 Alloy

Compression Overload

10
E Kmin
0[.0 6.1 0T.2 6.3 6.4
CRACK EXTENSION Aa, (mm)
7.11: Vvariation in &K (= Kpax - Kmin) and 8Kesf (= Kpax = Ke1)

with crack extension at AKTH for fatigue crack growth
following compressive overloads on arrested threshold
cracks in 2090-T8E41 alloy. OKeff values are computed from
Kc1 data, measured using the back-face strain compliance
technique.

JELTRNRARALURT RNTRTRST RS



-88-

7.4 Discussion

For comparison, data for 2124-T351, 7150-T651 and 7150-T751,
measured under identical test conditions, are included in Fig. 7.10.
Whereas 200% compression overloads are required to re-initiate cracking
at AKTH in 2090, at least 300% overloads are required in 2124 and 500%
overloads in 7150. It is apparent that, although the aluminum-lithium
alloy shows much improved crack growth properties under constant
amplitude conditions, in the presence of periodic compression loading,
the growth of arrested threshold cracks can occur far more readily.
Paradoxically, both features are a consequence of the same phenomenon,
i.e., the tortuous crack paths and resultant crack closure from asperity
wedging, which are characteristic of coherent particle-hardened
microstructures and particularly of aluminum-lithium alloys. The crack
defiection and roughness-induced closure certainly provide enhanced crack
tip shielding to impede crack extension, yet, by the same token, the
increased dependence on crack closure due to any wedging mechanism inside
the crack will necessarily make the alloy prone to "damage" (i.e.,
reduced shielding and a higher AKeff) in the presence of compressive
loads from the potential break-up of the wedge.

The present experiments are analogous to prior studies (Sections 5
and 5) in 7150 and 2124 on the effect of the mechanical removal of
material left in the wake of threshold cracks. Here, the micro-machining
away of wake material causes a similar reduction in closure, leading to a
recommencement of growth of previously arrested cracks. Subsequent crack
extension again is associated with progressively decreasing growth rates

(but not in this case complete arrest) as closure is re-developed over

...............
.........
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roughly 2 to 10 grain sizes. The difference in the two types of
experiment appears to be in the location of the closure which is removed.
Whereas micro-machining can only remove closure away from the crack tip
vicinity (i.e., reliably no closer than 500 pm),24 the nature of the
fracture surface damage in Fig. 7.8 suggests that compression overloads
may primarily limit the more important near-tip closure.

This study, as with prior studies23:24,34,49 o the role of wake
removal, clearly identifies the existence of a fitigue threshold with the
phenomenon of crack closure. Furthermore, the results show that wherever
closure is restricted, such as in the present case with the application
of large compression cycles, steady-state propagation rate data
characterized in terams of AK can no longer be relied upon to predict

crack growth behavior in a given material.

7.5 Concluding Remarks

Despite early claims to the contralr'_v,ﬁz'69 compressive loading in
the form of single (spike) overloads clearly can lead to dramatic
increases in fatigue crack growth rates at low stress intensity ranges
and most notably to crack propagation at the threshold. These results
are consistent with the recent work of Topper and his co-workersw’68 who
found a linear decrease in threshold values with increasing compressive
peak stress, and an accentuation of the effect when the compressive
overloads were applied more frequently. Such observations serve to
highlight the inherent danger of utilizing low load ratio threshold AKyy
values in engineering design to predict the absence of fatigue cracking.

The existence of the threshold is linked intimately to the degree of

closure which controls the effective near-tip driving force, yet such

L
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considerations are not incorporated into nominal stress intensity
calculations used in defect-tolerant 1ife prediction analyses. Thus,
wherever the extent of crack closure is restricted, such as at high load
ratios, with small flaws or cracks at notches, or in the presence of
large compressive stresses, the consequent increase in near-tip crack
driving force can lead to accelerated and non-unique growth rate behavior
and, more importantly, to crack extension at AK levels at or below the

AKTH threshold.

7.6 Conclusions

Based on a study on the effect on single (spike) compression
overloads on near-threshold fatigue crack propagation at R = 0,10 in
7150, 2090 and 2124 aluminum alloys, the following conclusions can be

made:

1. A single compression overload, of magnitude 5 times the tensile
peak load, resulted in immediate re-initiation of growth of cracks
arrested at the fatigue threshold in 7150 alloy, even though the applied
AK was maintained constant at AKyy, consistent with a measured 16 to 28%
reduction in crack closure.

2. The application of single compression overloads, of magnitude
two and three times the tensile peak load at AKyy, was sufficient to
cause the extension of cracks arrested at the threshold AKyy in 2090-
T8E41 and 2124-T351, respectively, again consistent with a reduction in
closure.

3. The reduction in closure stress intensity (Kcl) following the

compressive cycle was related primarily to a reduced contribution from
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roughness-induced crack closure arising from abrasion between mating
crack surfaces, i.e., fractographically to the flattening and cracking of
fracture surface asperities in the vicinity of the crack tip.

4., Crack growth at AK = MKry following the application of the

- overload was characterized by a progressive deceleration until re-arrest
occurred within 1 to 4 grain diameters. Such behavior was accompanied by
a measured increase in crack closure back to original pre-overload
threshold levels.

5. Due to an increase dependence on crack tip shielding, 2090-T8E41
shows the highest sensitivity to periodic compressive load cycles,
compared to traditional high strength aluminum alloys. Specifically, the
compressive loads required to cause crack growth at AKyy were over a

factor of two smaller in 2090, than in 2124 or 7150.

8. EXPERIMENTAL AND NUMERICAL ANALYSIS OF LARGE, SMALL,
THROUGH-THICKNESS AND SURFACE CRACKS

8.1 Introduction

The widespread adoption of the damage tolerance approach to the
fatigue analysis and design of both military and civil aircraft has
resulted in far greater research emphasis on crack propagation in
aerospace materials, rather than on traditional stress-strain/life (S/N)
approaches which rely largely on crack initiation. This follows because
the damage tolerant concept assumes that flaws pre-exist from the first
loading cycle, such that total life is comprised solely of crack
propagation. While specific design requirements for this approach may

vary from country to country, most resemble the U.S. Air Force mandatory
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specification MIL-A-83444, which for example prescribes an initial flaw
size for the airframe of 1.27 mm. However, durability requirements may
additionally require consideration of initial defects as small as
0.127 mm.

A potential problem with this approach can arise from the anomalous
behavior of fatigue cracks, which is observed for physically small
(< 1 mm) cracks or for flaws of dimensions approaching the size scales of
microstructure or local plasticity. Most data show such small cracks to
extend at rates exceeding those of long cracks at the same nominal
“driving force", and to grow at stress intensity ranges below the fatigue
threshold AKyy, where long cracks become dormant.

Results showing enhanced crack extension rates for small cracks are
not uncommon (e.g., refs. 3-20), both for the extrinsic toughness
behavior of ceramics and composites and for fatigue crack growth in
metals, yet there is a paucity of experimental data showing the buildup
of shielding with crack extension,24,28,34,49 Similarly, few analytical
models exist for the crack-size dependence of shielding under cyclic
loading.44 Several numerical models, however, for both plane stress75'76
and plane strain77 do predict a progressive increase in shielding with
initial crack extension to a saturation (long crack) level, but are
specific to crack closure induced solely by cyclic plasticity.

The primary objective of this study is thus to examine, both
experimentally and numerically, the role of crack tip shielding in
influencing the growth behavior of long (typically exceeding 10 mm) and
small (typically 2 to 400 um) fatigue cracks in underaged and overaged

microstructures in a 2124 aluminum alloy, where the principal mechanisms
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of shielding, namely crack deflection and more importantly roughness-
induced crack closure, are well documented (see Section 6).
Specifically, measured and numerically predicted values of crack closure
are compared, as a function of crack length, for through-thickness long
and physically-short cracks, and the resulting growth rate behavior

compared with that for microstructurally-small surface cracks.

8.2 MNumerical Analysis

Crack closure induced by cyclic plasticity33 has been modelled both
analytically (e.g, ref. 78) and numerically (e.q., ref. 79). The
analytical models, however, are exclusively derived from the Dugdale
model and therefore are strictly only applicable to plane stress,
although some workers introduce a plastic constraint factor to simulate

75 Elastic-plastic finite element computations,79

plane strain behavior,
conversely, have verified the existence of plasticity-induced closure in
plane strain, and found its magnitude to be far less than in plane
stress.

In the present study, the latter approach was followed with
numerical modelling performed using elastic-plastic finite element
calculations on growing cracks in both compact C(T) and SEN(B) bend
specimens, under the same test conditions (load ratio, crack size, etc.)
as were used experimentally. Although plane strain conditions existed
experimentally, for comparison numerical solutions for both plane stress
and plane strain were obtained.

In the numerical procedures,79

crack propagation is simulated by
releasing the crack tip node at maximum load in the cycle (although any

type of strain or displacement criteria may be used), and changing the
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boundary conditions. On unloading, the contact problem in the wake of
the crack tip is solved by decreasing the loads in steps (avoiding
interpenetrating crack surfaces). The closure load, P.y, and hence K i,
are defined at the load which causes first contact of the fracture
surfaces. Thereafter, the unloading sequence is continued stepwise to
minimum load, and a further search made for contact poinrts behind the
crack tip. If any error occurs in the equilibrium solution, the prior
load step is modified using the stored stress, strain and displacement
field, but with a new load decrement. Two convergence criteria are

applied during this procedure; namely all closed node displacements at

the crack surfaces are defined at less than 1078 mm, and the difference
in modified (trans”er) loads at less than 0.05 N. Opening loads aré
determined in an analogous manner during increasing stepwise increments.

In the present analysis, material behavior was modelled as an
isotropic strain hardening solid, with the exact shape of the stress-
strain curve utilized., The finite elements were two-dimensional

triangles with cubic base functions. In order to avoid prescribing a

specific type of singularity at the crack tip (as the nature of the
stress and deformation fields near the tip of a small, cyclically loaded
crack is unknown), the crack tip singularity was deduced using a very
fine mesh in the vicinity of the crack tip. Fig. 8.1 shows the finite
element discretization of the bend specimen. In order to obtain
convergent results of mesh-size independent closure loads, approximately

15 to 20 elements had to be used in the plastic zone, a requirement

which determined the minimum element length.
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«—12.7 mm—

P/2

SEN(B)

Bend Sample P/2

le—1.116 mm —|

le—580 um —

4
W

-

L ]
crack line

Fig. 8.1: Finite element discretization of the single edge notched
SEN(B) bend specimen used in the numerical calculations,
showing increasingly magnified views of the crack tip
region.
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8.3 Long Crack Behavior

Experimental results. Long crack fatigue crack growth rate data, in
the underaged T351 structure at a load ratio of 0.1, are plotted in Figs.
6.3 and 6.4 as a function of both AK and OKo . Corresponding crack
closure data are shown in Fig. 6.5, and indicate increasing closure with
decreasing AK, characteristic of behavior dominated by wedge shielding
mechanisms.

The measured levels of closure, especially in the underaged (T351)
condition, are consistent with the highly branched and meandering nature
of the crack path (Fig. 8.2). Such crack path morphologies promote
significant contributions to shielding from crack deflection and asperity
wedging (roughness-induced crack closure.

Numerical results. Finite element plane strain and plane stress
predictions of the crack closure, in the form of normalized closure
levels, K.1/Kpax» @5 @ function of crack length, a, are plotted in Fig.
8.3 for crack extension in 2124-T351 at R = 0.1. The build-up of closure
in the wake of the growing crack can also be appreciated by examining the
distribution of normal stresses in the vicinity of the tip of a long
crack (a = 32.8 mm) in the C(T) geometry under plane stress conditions.
Stress distributions are plotted during unloading at the maximum, closure
and minimum loads in Figs. 8.4a,b & ¢, respectively. Crack closure
becomes evident from the compressive stresses (drawn below the plane) in
the wake of the growing crack at tensile loads.

The continuum predictions in Figs. 8.3 and 8.4 naturally pertain to
the contribution to shielding from plasticity-induced closure only.

Correspondingly, similar to previous numerical studies,79’80




Fig. 8.2:

------

Morphology of the fatigue crack path in a) underaged T351
and b) overaged 2124 aluminum alloy at AK values between 3.5
and 5 MPa/m. Crack path profiles were obtained from
metallographic sections, taken perpendicular to the crack
surface at center thickness (Keller's reagent etch). Arrow
indicates direction of crack propagation.
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Fig. 8.3: Finite element predictions of the normalized crack closure,
Kc1/Kmaxs as a function of crack length, a, for long and
short cracks in C(T) and SEN(B) specimens of 2124-T351 at

; R = 0.10. Numerical predictions pertain to elastic-plastic

h conditions in either plane stress or plane strain.
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Finite element predictions of the distribution of normal
stresses during unloading in the vicinity of a long (a =
32.8 mm) fatigue crack in the C(T) geometry under plane
stress conditions (R = 0.10) at a) the maximum load (326 N),
b) the closure load (195 N), and ¢) the minimum load (33 N).
Stresses above the plane are tensile, below are compressive.
The crack tip is located at the point of maximum compressive
stress; the tensile peak to the right is due to the first
compressive contact during the initial load cycle and has no
effect on subsequent results.
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significantly higher levels of closure are predicted for plane stress
conditions. Results for the C(T) geometry, pertinent to long crack
behavior, are shown for crack lengths in excess of 0.1 mm and indicate no
change in closure above the crack size. It should be noted that similar
sized cracks in the SEN(B) bend specimens gave identical closure levels.
In Fig. 8.5, these results are used to compute AKg¢¢ values, and are
N compared with the experimentally derived values for the growth rate data
in the underaged and overaged microstructures at R = 0.1. It is apparent
that the numerical results for plane strain indicate significantly higher

AKo ¢ values, particularly below 10'9 m/cycle, because of predictions of

F P Rl o A g

far lower closure levels. Numerical predictions of AK,¢¢ values based on

the plane stress assumption, on the other hand, are closer to the

¥ L R

experimentally measured results, especially for near-threshold behavior

in the underaged microstructure, although in reality it is clear that

such plane stress conditions did not apply experimentally.

8.4 Through-Thickness Short Crack Behavior
Experimental results. Growth rate data for the through-thickness
physically-short (50 to 400 um) cracks in the underaged (T351)

microstructure are shown in Fig. 6.9, and indicate that short cracks can

grow at AK levels well below the long crack threshold AKgy.

As discussed in Section 6, during each deceleration and arrest event

for the short crack, the development of crack closure with crack
extension was experimentally monitored. Results for each such event,
involving the extension of a 90 uym long crack to 230 ym, are shown in
Fig. 8.6. The progressive reduction in growth rates leading to arrest

can be seen to be associated directly with a concurrent increase in crack
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Fig. 8.6: Variation in growth rate and crack closure with crack
extension during sub-threshold propagation of physically-
short cracks in 2124-T351 aluminum alloy, showing how ]

to 230 um) concurrent with the progressive decay in growth
rates to arrest., Crack closure is represented as the
normalized closure ratio, Kc1/Kmax, and shows a comparison
of experimentally measured values with those predicted
numerically for both plane stress and plane strain
conditions.
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closure resulting in a corresponding reduction in AK,¢¢. The magnitude

of this increase is associated with very high levels of Kc]/Kmax
approaching 0.9, far in excess of those for long cracks. Using such
closure data, short crack growth rates are plotted as a function of AK,¢¢
in Fig. 8.7.

Numerical results. Numerical plane stress and plane strain
predictions of crack closure for short cracks in the SEN(B) bend
specimens are shown in Fig. 8.3, and are compared with experimentally
determined values in Fig. 8.6. Clearly, at small crack lengths below
~ 100 to 200 um, both theoretical and experimentaltly measured closure
levels decay markedly with progressive decrease in crack length,
indicating that the local AK,¢¢ experienced by the short crack will be in
excess of that ahead of long cracks at the same nominal AK. However, as
before, plane strain predictions from the finite element model yield far
lower closure levels (by a factor of 4 to 5) compared to those measured

experimentally. Plane stress predictions are much closer to the measured

values, but are still up to 50% lower.

8.5 Naturally-Occurring Small Surface Crack Behavior

Corresponding experimental results for the naturally-occurring small
(2 to 400 pym) semi-elliptical surface cracks are shown in Fig. 8.8 for
the underaged (T351) and overaged conditions. Data are plotted as a
function of nominal AK values and are compared with equivalent results on
long through-thickness cracks. Considerable scatter is apparent in the
small crack growth rates. This is to be expected as measurements of

growth rates are made at the microstructural level and thus include the

frequent impedance to crack advance from local interactions with
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that differences in behavior between long and short cracks
may not be solely attributable to closure effects.
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microstructural features, as shown by the crack path profiles in Fig.
8.9. However, it is clear that microstructurally-small cracks propagate,
without evidence of a threshold, at rates generally in excess (by up to 3
orders of magnitude) of equivalent long through-thickness cracks at the
same nominal AK. Moreover, they grow at stress intensity ranges as low
as 0.9 MPa/m, well below the long crack threshold.

A primary reason for the accelerated growth of such small flaws can
be appreciated by comparing the small crack data with long crack growth
rates plotted as a function of AKg¢g. It is apparent that once crack
closure has been subtracted out, reasonable correspondence is achieved

between long and small crack results.

8.6 Discussion
Role of Crack Tip Shielding

This work has attempted to provide quantitative evidence of the
dominant role of crack tip shielding,28 specifically from crack closure,
in distinguishing the near-threshold fatigue behavior of through-
thickness long cracks, through-thickness physically-short cracks, and
naturally-occurring microstructurally-small surface cracks. Both
numerical computations and experimental measurements have confirmed that
closure levels stay reasonably constant for long cracks (at fixed R), yet
progressively decay to zero for crack sizes in the present alloy below
roughly 100 uym. The latter variation in shielding with crack length
clearly can result in some degree of non-uniqueness in growth rate
behavior at small crack sizes, particularly in the near-threshold regime
where closure effects are enhanced. This is illustrated in Fig. 8.10,

where a comparison of measured growth rates for long, through-thickness




Fig. 8.9: Naturally-occurring microstructurally-small (2-400 um)
surface cracks in a) underaged T351 and b) overaged 2124-
T351 aluminum alloy. Replicas of small cracks were obtained
by surface replication. Arrow indicates direction of
tensile stress axis.



FATIGUE CRACK GROWTH RATE, da/dN (m/cycle)

Fig. 8.10:

BV ENENEN AN TN BN EN BN SN EN U F e W -w—mm

-108-

AK (ksi-in"?)

10°4— : : °
3 2124 T351 10°
10 BB Long Crack (CT)
2 Short Crack (Bend) 10"
10" Small Crack (Bend)
10° 5
10* %
10" £
10" 5
10° ©
10"
10"
10-"
10"
10

3 ] 9
STRESS INTENSITY RANGE, AK (MPa-m'"?)

Fatigue crack growth rate behavior in 2124-T351 aluminum
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long (17-38 mm) cracks, through-thickness short (50-400 um)
cracks, and naturally-occurring small (2-400 um) surface
cracks.
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short and small surface cracks in 2124-T351 shows increasingly more
scatter as the threshold is approached.

The role of such closure is illustrated, for example, by the
observation that the load ratio dependence of thresholds for long cracks
can be attributed primarily to variations in K.1 levels. Moreover, the
commonality of threshold values in each microstructure, when computed in
terms of AK,¢f, would suggest that some intrinsic threshold does exist
for long cracks, provided closure is fully accounted for.

With through-thickness physically-short cracks, observations of
crack growth at stress intensities below AKyy, at rates which
progressively decay to arrest or merge with long crack data, have also
been shown to be associated quantitatively with an initial lack of
shielding and its subsequent development with crack extension.
Specifically, the sub-threshold decay in short crack growth rates has
been related to a concurrent increase in K.j, such that the local driving
force, 0K ¢, Sees a minimum. Similarly, the accelerated and sub-
threshold behavior of naturally-occurring small cracks appears to be
consistent with a Tack of shielding generated during the extension of
semi-elliptical surface flaws with 1limited wake. In addition, naturally-
occurring small flaws are likely to show somewhat enhanced growth rates
even at higher AK levels, as compared to pre-existing through-thickness
flaws, they tend to initiate preferentially in the most favorably
oriented grains and are less 1ikely to have their growth averaged over
many disadvantageously oriented grains.

Of particular significance in this work is the comparison of

numerically computed closure levels with those measured experimentally on

- o a -

i
1
1




both Tong and short flaws. Progressively, as growth rates are reduced

towards the threshold, the predicted magnitude of closure for plane
strain conditions can be seen to fall far short of experimental
measurements (Figs. 8.5 and 8.6). Several authors previously (e.q.,
refs. 75,76) have used plane stress numerical models in order to predict
higher levels of closure at near-threshold levels in, for example,
spectrum loading fatigue lifetime prediction analyses. As shown in the
present study, such models do predict levels of closure closer to that
measured experimentally, although such predictions are artificial as
near-threshold conditions are invariably plane strain.

The logical reason for the discrepancy between theory and experiment
is that at lower stress intensities, where crack tip opening
displacements (CTOD) are restricted, the major sources of crack closure
(in addition to that induced by cyclic plasticity) originate from the

41-43 and corrosion debris,38'4°

wedging of fracture surface asperities
whereas numerical models predict merely the plasticity-induced
contribution. This discrepancy is particularly striking in 2124-T351 as
the alloy develops strong contributions from roughness-induced closure,
due to the branched and deflected nature of the crack path near Ky
(Fig. 8.2).

Al though care must be exercised in interpreting growth rate data
plotted as a function of AK ¢¢, due to uncertainties in evaluating the
magnitude of Kcys 1t is apparent from the present results that, whether

closure is assessed in terms of the cyclic plasticity mechanism alone in

numerical calculations or in terms of the combined effects of all

possible closure mechanisms in experimental measurements, through-
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thickness short and semi-elliptical small surface cracks are still seen
to propagate below the long crack (AK,¢¢) threshold (Fig. 8.7). Thus,
despite its major significance, shielding via crack closure alone
apparently does not provide a complete rationalization for the
accelerated growth rates of small flaws, at least where the crack driving
force is defined in terms of modifications to the elastic stress

intensity range, AK.

8.7 Role of Crack Tip Singularity and Plastic Zone Size

Several factors in addition to crack closure have been postulated to
explain the "anomalous" behavior of small cracks (reviewed in refs, 19
and 20). Discussed below are those factors which pertain to the choice
of a crack tip characterizing parameter based on Kj, specifically
involving the neglect of higher order terms in the series expansion of
the crack tip stress field and the variation in the morphology of the
plastic zone with crack length. In this regard, it should be noted that,
although nonlinear elastic, small-scale yielding parameters, such as the
cyclic J-integral, the strain energy density range (AS) or the cyclic
strain energy release rate,7'8’8l have been proposed as "driving forces"
for small cracks, none constitutes a viable alternative due to the
violation in the fracture mechanics similitude concept from the crack tip
shielding effects discussed above.

Elastic crack tip field considerations. Talug and Reifsnider82 have
suggested that the inclusion of nonsingular stresses in the description
of the linear elastic crack tip stress field will become increasingly

more significant as the length of the crack decreases. Thus, to

characterize the "driving force" for a small flaw, it is necessary to
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derive the full stress field expansion, by finding a stress function
which satisfies the biharmonic equation 4 =0 (v2¢ is the Laplace
operator and ¢ is the Airy stress function), while simultaneously
satisfying the boundary conditions for the chosen geometry and mode of
loading. This can be achieved by employing the Williams' stress
function83 or the numerically convenient Muskhelishvili's compiex
function approach,84 and by recognizing that the crack surfaces must be
free from traction, such that the stress field, as a function of radial
distance r and polar angle 8, can be expressed as an infinite series,

e.g., for the normal stress:

® 2-1)
_ n _'‘?2 _n N n_
Oy * ggi zr {An[(z z (-1)") cos(z 1)e

v G- 1) cosd - me] - 8@ Fe (1M singG - e

+ (g - 1) sin(g - 3)}6} (8.1)

where n is the number of terms. From Eq. 8.1, Oyy €an be solved for any

Yy
number of terms. For example, atn=1and 8 =0, the stress field can

be written:

Oyy = A r-% (8.2)

such that Ay must equal K;//2m. In the present study, higher order terms

were solved by comparing with the fully elastic finite element

calculations for Tyys using the mesh depicted in Fig. 8.1. By employing

an increasing number of terms in the series expansion, the resulting

....
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stress intensity factors, expressed as a dimensionless parameter KIB/W/P
(B is the specimen thickness, W the width), are shown in Fig. 8.11 as a
function of crack length for the SEN(B) specimen, and are compared with

the standard long crack Ki solution.s1

From these results, it is readily
apparent that the effect of the higher order, nonsingular terms is not
insignificant in deriving K; solutions to characterize the crack advance
of very small falws, although the number of terms which should be used is
uncertain.

A second complication for small surface cracks is that although
depthwise extension is in plane strain, the intersection of the semi-
elliptical crack with the free surface is in plane stress. At this
point, the elastic stress field singularity is also very different from
the inverse square root Ky-field singularity, commonly employed in
LEFM. 85

Plasticity consideration. A further factor to be considered in the
description of a characterizing parameter for the stress and deformation
fields associated with very small cracks is the size and the shape of the
plastic zone. From the present numerical calculations in the SEN(B)
specimen, finite element predictions of the extent of local plasticity
ahead of a 0.16 ym Tong crack were determined for both plane strain and
plane stress conditions, These are illustrated in Fig. 8.12 and indicate
marked departures with the usual shape of the long crack plastic zone,
owing to the close proximity to a free surface. Similar to previous

analyses for plane strain only,86

even under monotonically increasing
loads, elastic enclaves are predicted immediately ahead of the crack tip

(on the 8 = 0 plane) and behind the tip at the free surface. Such
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Fig. 8.11: Variation in dimensionless stress intensity factor,

K{B/W/P, with short crack length, a, in SEN(B) specimen,
showing effect of including higher order terms in the
Numerical

series expansion for the crack tip field.

results are compared with the standard linear elastic Kj
solution for a long crack from Tada et al.5!
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Elastic-plastic finite element predictions of the plastic
zone shapes in a) plane strain and b) plane stress for a
very short (0.16 um) crack (at location A) in an SEN(B)
specimen of 2124-T351, as a function of increasing loads.
Elastic enclaves are represented by hatched areas
immediately ahead of the crack tip and behind the tip at
the free surface.
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on three-

results are also consistent with earlier numerical studies
point bend specimens of a 2024 aluminum alloy, where it was found that
the maximum extent of the plastic zone was 8 times larger for a small (10
um) crack, compared to an equivalent long crack (a = W/2) at a & of
" 2 MPa/m. Moreover, it was found that, with increasing crack length,
the shape of the zone was developed more in the wake of the growing
crack, consistent with the higher levels of plasticity-induced crack

closure generated by long flaws.

8.8 Conclusions

Based on an investigation into the role of crack tip shielding in
influencing the behavior of large and small fatigue cracks, involving an
experimental and finite element study of through-thickness long (17-38
mm) cracks, through-thickness physically-short (50-400 um) cracks, and
naturally-occurring small (2-400 um) surface cracks in underaged (T351)
and overaged microstructures of a 2124 aluminum alloy, the following

conclusions can be made:

1. The existence of a threshold stress intensity range 8Ky for the
dormancy of long cracks was found to be associated with high levels of
crack closure, with values of Kc1/Xpax @pproaching 0.7.

2. Through-thickness physically-short cracks were observed to
propagate at nominal stress intensity ranges at, and below, 8Kty. Such
short crack growth rates were found to decay progressively until arrest
(or before merging with long crack data), concurrent with a measured and

numerically predicted increase in the closure stress intensity, and a

consequent reduction in the local "driving force" AK,¢¢.
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3. Naturally-occurring microstructurally-small surface cracks were
observed to propagate at rates up to 3 orders of magnitude faster than
corresponding long cracks subjected to the same nominal AK level.
Moreover, such small cracks were found to advance at rates in the range
10-10 ¢o 10-8 m/cycle at AK levels below AKyy. However, when compared
with long crack data analyzed in terms of bKogf (after correcting for
closure), reasonable correspondence was found between long and small
surface crack growth rates (above the OKe £ ¢ threshold).

4, Elastic-plastic finite element analyses of plasticity-induced

crack closure, under both plane stress and plane strain conditions,
confirmed the development of closure with increasing crack length, up to
a transition length (v 100 to 200 um) where the extent of closure
saturates at the long crack value, in qualitative agreement with
experimental observations. Predicted normalized closure levels,
Ke1/Kmaxs Were approximately 3 times larger for plane stress conditions.

5. Measured closure levels (in plane strain) were found to be
significantly higher than numerical plane strain predictions for both
long and short cracks, particularly at low stress intensity ranges.
Plane stress predictions were closer to, but still less than, measured
(plane strain) values. Such discrepancies were attributed to the fact
that the primary contributions to closure at near-threshold levels
originate from wedge shielding mechanisms, specifically in 2124 from the
wedging of fracture surface asperities (roughness-induced closure),
resulting from the deflected crack path.

6. Differences in behavior between long, physically-short and small

surface cracks appear to be rationalized largely by the variation in
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crack tip shielding with the extent of crack wake. However, as cracks of
small size were still observed to propagate below the effective threshold
stress intensity range, other factors, such as the computation of Ky for
small cracks in terms of varying plastic zone morphology and the
inclusion of higher order terms in the stress field expansion, should be

considered.

9. ASSESSMENT OF THE SMALL CRACK PROBLEM

9.1 Introduction

The total fatigue life of engineering structures and components is
often dominated by the time (or number of cycles) during which incipient
cracks are small (typically less than 1 mm) and propagating at low growth
rates. However, it is in this regime that the behavior of such cracks
may become non-unique, and exhibit growth rates far in excess of those of
long cracks (typically larger than 10 mm) subjected to the same nominal
"driving force", e.g., the same stress intensity range.3‘2°'
28,49,54,55,61,76,77,81

In this section, the salient features of the problem are summarized
with respect to the various classes of small flaws. In addition, some
thoughts are offered on the incorporation of small crack methodology into
current design and fatigue life prediction analyses and on the
development of new materials with superior resistance to the growth of

microcracks by fatigue.
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9.2 The Small Crack Problem

The small crack problem is in essence one created by fracture
mechanics through a breakdown in the similitude concept at small crack
sizes.28 For example, it has been shown°? that crack tip strain fields
for large and microstructurally-small fatigue cracks, driven by nominally
equivalent cyclic stress intensities, are qualitatively and
quantitatively dissimilar. It is thus a problem of defining a flaw size-
independent "crack driving force" to account for observations that small
cracks can propagate at rates different from those of corresponding long
cracks at the same nominal driving force. In the large majority of
cases, small crack growth rates exceed those of long cracks, although
there is evidence in steels of a mild reverse effect.37,88 Following
jnitiation, small cracks are observed to grow at stress intensities below !
the long crack threshold; some extend with decaying growth rates until
arrest, while others propagate quite rapidly to merge with long crack s
behavior (Fig. 2.1). The problem therefore has practical significance, |
because damage-tolerant fatigue 1ifetime computations are invariably
based on long crack data. As overall life is most influenced by low
growth rate behavior, the accelerated and sub-threshold extension of

small flaws can lead to potentially dangerous over-predictions of life,

9.3 Definition of a Small Crack

Adjectives describing various types of small crack currently abound,
although some consensus is emerging. For example, the distinction
between (three-dimensional) small flaws and (two-dimensional) short
flaws, the latter being small in all but one dimension, clearly is of

importance.49’54 Short flaws are generally through-thickness cracks,
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often no smaller than 50 um, which are created artificially by removing
! the wake material from long through cracks. Their behavior appears to be
dominated, like that of large cracks, by the cyclic stress intensity
factor XK (for small-scale yielding), corrected by considerations of
' crack closure?8'49 Naturally-occurring small flaws, conversely, often
approach microstructural dimensions, and although their behavior is still
largely affected by closure, several other factors, including crack
’ shape.49 enhanced crack tip plastic strains,54 and local arrest at grain

89 are of comparable significance.

boundaries,

Useful qualifiers remain microstructurally-, mechanically- and
4 physically-small (or short), which pertain respectively to cracks small
compared to microstructural dimensions, to the scale of local plasticity,
and simply to cracks of a size less than 0.5 to 1 mm.}9 In addition,
i fatigue cracks have also been described, with reference to environmental
effects, as chemica]]y-small,18’20'90 as described below. Each of these
classes of small flaw is associated with particular phenomena which
* primarily distinguish it from long crack behavior (Table 9.1). For
example, for mechanically-small flaws, characterization in terms of
elastic-plastic fracture mechanics (e.g., through the use of ACTOD of

i AJ7’8), or even in terms of the strain energy density AS,81

may help
resolve differences in growth rates behavior between long and small
cracks. On the other hand, for physically-small flaws, allowance for
j differences in the magnitude of crack closure (e.g., through the use of
AKeff) appears to be the predominant correlating factor.13’16’19’20'

24,28,49,55 1p the case of microstructurally-small flaws, all these

factors may be important, plus others associated with local

‘l'l.’l -----
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Table 9.1: Classes of Small Fatigue Cracks

Responsible Potential
Type of Small Crack Dimension Mechanism Solution
Mechanically-small ax rya excessive (active use of AJ, AS
plasticity ACTOD
Microstructurally- a <dgb crack tip shielding probabilistic
small enhanced Aep approach
2¢ £5-10 dg crack shape
Physically-small a<lmm crack tip shielding use of AKqff
(crack closure)
Chemically-Small up to local crack tip
"~ 10 mmC environment

ary is plastic zone size or plastic field of notch.

bdg is critical microstructural dimension, e.g., grain size, a is the
crack depth and 2c the surface length.

CCritical size is a function of frequency and reaction kinetics.

inhomogeneities in the microstructure, non-uniform growth retardation at
grain boundaries, and so forth,24,89

In particular, the microstructurally-small, rapidly growing crack
corresponds to a three-dimensional crack whose plastic zone is less than
the key microstructural dimension, which in most cases is the grain size.
Thus, the crack tip tends to operate as it would in a single crystal
preferentially oriented for operation of the relevant crack extension
mechanism. In addition, the crack front encompasses relatively few
grains, so that growth is not averaged over many disadvantageously
oriented grains. The latter is probably a major factor in distinguishing
small cracks from short through-thickness cracks, whose fronts must

necessarily sample many grains. It further provides an explanation why
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crack tip shielding alone is generally sufficient to rationalize behavior

of the short through-thickness crack.

9.4 Origins of Differences Between Long and Small Crack Behavior
Several major factors have been identified which are primarily
responsible for differences in long and small crack behavior (Table 9.1).
Of particular significance is the varying contribution of crack tip
shielding, with size of the crack wake, in locally reducing the effective
driving force experienced at the tip.28 Such shielding arises in fatigue
from crack closure (e.g., ref. 45), and to lesser extent from crack

46 and has been shown to be diminished at small crack

deflection,
sizes.19,20 However, for microstructurally-small cracks, it is now
apparent that closure does not provide the entire solution (although
uncertainties in experimental measurement make this question difficult to
resolve). There is now considerable evidence that, additionally, such
flaws are impeded locally by grain boundaries,89 influenced by non-
uniform growth,49 and may experience higher cyclic plastic strains at
their tips.54 Finally, differences in local crack tip environment with

crack size provide the source of the chemically-short effect,ls'zo'90 as

described in Section 9.5.

9.5 Envirommental Effects

One of the most complex issues involved in the small crack probiem
is associated with (liquid) environmental effects.19:20,90 71pe
chemically-short crack may propagate 1.5 to several hundred times faster
than long cracks subjected to the same mechanical driving force.

Moreover, it may be somewhat larger than the microstructurally- or

»,!_ "o ‘J‘:J .-‘\._:J..--_-'. o .._-¢\’ "
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mechanically-short flaw, as short crack behavior has been reported for
crack sizes upwards of 10 mm. (Precise statement of the size range for
chemically-short cracks cannot be defined; it depends upon several
factors and is principally controlled by frequency and reaction
kinetics.) The discrepancy in behavior is attributed to differences in
local crack tip chemical environment and conditions.19,20,90 tpe
critical issues thus pertain to the determination of crack tip
conditions, as a function of crack length, in terms of the coupled
processes of fluid transport and chemical/electrochemical reactions
within the crack, and the determination of the origin of the
environmentally-enhanced cracking rates in relation to the hydrogen

embrittlement and film rupture/dissolution mechanisms.

9.6 "Driving Force" for Small Crack Propagation
Several authors (e.g., refs. 7,19,28,49,90) have sought improved
field characterizing parameters to describe the driving force for small

crack advance (Table 9.1). Although parameters such as Ac and Ac, have

p
been suggested,91 only those parameters that can be measured globally,
yet define (at least nominally) local conditions, are reviewed here. For
mechanically-small cracks, where the extent of local plasticity is
comparable with crack size, elastic-plastic fracture mechanics solutions
have been proposed through the use of a7 and 45.81 while certainly
appropriate for taking account of excessive plasticity ahead of the tip,
it should be noted that J is a nonlinear elastic parameter, and thus
cannot account for the vital influence of wake plasticity (prior plastic)

zones behind the tip. Similarly, the use of AS cannot account for the

varying contribution from wake-related crack tip shielding. To allow for
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such wake effects, which principally cause crack closure, the adoption of
a closure-corrected AKeff appears to be a suitable approach for
physically-small cracks8,49 and cracks emanating from notches.13 For
microstructurally-small flaws, however, such deterministic treatments may
simply not apply, as initial cracking may center on local preferential
growth sites ("soft spots") in the microstructure.’® Here a
probabilistic approach may be the optimum treatment to describe the

behavior of such tiny flaws.

9.7 Intrinsic Thresholds

There is now good evidence that intrinsic threshold cyclic stress
intensities may exist for long fatigue cracks. By subtracting out the
contribution from crack closure through the use of the OKg ¢ parameter,
threshold values at 1ow load ratios approach those at high load ratios
where closure effects are minimal (e.g., refs. 16,28). Similarly,
intrinsic thresholds may exist for physically- and mechanically-short
cracks, of magnitude comparable with the effective long crack
va]ue.za"‘g'61 For microstructurally-small cracks, however, the question
of an intrinsic threshold may not be meaningful. Here the "fatal" flaws
are the ones that initiate first at local weak areas in the
microstructure., As their dimensions are well below any continuum
approximation, characterization in terms of a material parameter clearly

would be inappropriate. Further, in light of evidence®?

suggesting the
invalidity of AK within this flaw size regime, it may be more appropriate

to consider a threshold stress, rather than a stress intensity, for

microstructurally-small flaws (i.e., akin to the fatigue limit).

;
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9.8 Small Crack Methodology in Life Prediction and Design

For physically- or mechanically-small cracks, the adoption of small
crack methodology in life prediction analyses would appear to be feasible
by mere extension of the current damage-tolerant procedures to smaller
crack sizes through the use of AK s, Or an equivalent elastic-plastic
characterizing parameter. Such an approach would greatly enhance
projected lifetimes, as computations are dominated by the regimes where
the crack is small and advancing slowly. Conversely, for the reasons
outlined above, descriptions of the extension of microstructurally-small
flaws will not be generally amenable to deterministic analyses which rely
on (continuum) material parameters, and should be treated with

probabilistic approaches.

9.9 Small Crack Considerations in Alloy Design

From an alloy design perspective, the study of small cracks and
associated long crack thresholds has resulted in a far clearer
understanding of the various contributions to fatigue resistance.
Moreover, it has led to the realization that microstructural features
which benefit resistance to the growth of (long) cracks may have an
entirely different influence on crack initiation and small crack growth,
To impede long crack growth, the primary mechanisms are extrinsic,
whereby mechanical, microstructural, and even environmental mechanisms

are utilized to reduce locally the crack driving force.28

Here,
promotion of crack tip shielding, principally through crack closure and
deflection, provides the most potent effect under cyclic loading.
Conversely, to impede crack initiation and the early growth of

microstructurally-small cracks, where shielding effects are minimized,
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the primary mechanisms are intrinsic. For example, fine grain sizes
offer best resistance to crack initiation and small crack growth in many
alloys (e.g., ref, 61), yet in these same materials it is the coarse
grain structures which promote the roughest crack paths and hence provide
greatest resistance to long crack growth (through crack deflection and
roughness-induced closure) (e.g., ref. 45),

In essence, the ideal alloy design approach is to clean-up the
material for optimum resistance to crack initiation, incorporate small,
randomly oriented grains to inhibit small crack growth, and then to add
microstructural "crack stoppers" through shielding mechanisms to impede
long crack growth. It may also be possible to minimize the small crack
problem by incorporating texture, so that as few grains as possible are
oriented for easy crack extension relative to a known uniaxial loading

axis.

9.10 Conclusions

1. Small fatigue cracks can be characterized as mechanically-small
(comparable with the extent of local plasticity), microstructurally-small
(comparable with the scale of microstructure), physically-small
(typically less than 1 mm in size), or chemically-small. Their common
property is that they can propagate at rates which differ from, and
generally exceed, those of long cracks at the same nominal stress
intensity factor, leading to potentially non-conservative damage-tolerant
lifetime predictions.

2. The primary factors responsible for differences in behavior
between long and mechanically- and physically-small flaws are,

respectively, extensive plasticity ahead of the tip, and crack tip
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shielding from crack closure behind the tip. Such difference:z may be in
part normalized through characterization in terms of AKgggs Or an
equivalent elastic-plastic field parameter.

3. The behavior of microstructurally-small flaws differs from }ong
cracks because of several factors, including excess crack tip plasticity,
crack closure, crack shape and deflection, retardation at grain
boundaries, and enhanced crack tip plastic strains. Such flaws may not
be amenable to characterization in terms of a global field parameter, as
their dimensions lie below continuum size-scales.

4. Approaches to apply small crack methodology to fatigue life
prediction are suggested in terms of i) the use of AKg £f» Or equivalent
elastic-plastic parameter, to extend damage-tolerant procedures into the
physically-small crack regime, and ii) probabilistic analyses of the
initiation and early growth of microstructurally-small flaws.

5. In life prediction, the concern is with predicting the growth of
the most rapidly growing, ultimately fatal, small crack. To design
alloys which are resistant to such behavior, the approach must be to
eliminate such maverick flaws, by creating microstructures to arrest the
microstructurally-small cracks which are able to nucleate. Thus, for
optimum fatigue resistance, the approach may involve using clean
materials to inhibit crack initiation, small randomly oriented grains to
inhibit small crack growth, and employing crack tip shielding (i.e.,

microstructural "crack stoppers") to impede the growth of long cracks.
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APPENDICES




Propagation of short fatigue cracks
‘ S. Suresh and R. O. Ritchie
T B - LIST OF SYMBOLS
Faticue crack propagation in engineering « = crack lencth
materials has been the subject of consider- o ) . o
able research, and extensive review articles 4, = intrinsic crack length, i.c. constan:
have appeared over the past several years. charagtinsudc. of material
Most of these investigations focused on the r.“““;;\.‘f con Amon')m expression
behaviour of 'long’ fatigue cracks. even tor quation .24
though the characteristics associated with Aa = increment of cruck extension
the extension of small cracks in metals and da dV = faticue crack propasation rute
alloys remain relatively unexplored, despite
their unquestionable importance from an -4 = constant in cvclic ennstitutive
encineering standpoint. In this review, the law (Fiu, 5}
mecha'n.ics and micromechanis.ms of the h = sum of crack lencth g and blrcked
subcritical growth of short fatigue cracks slip band zone .¢,, ‘equatinns ' 13
are examir_xed, and aspects of their propaga- and (19)) ’
tion behavxogr are contrasted with those .of B = thickness of testpiece 'Fix. 11
long cracks in terms of fracture mechanics,
microstructure, and environment, Cracks are ¢ = depth of edge notch onr half lenth
defined as being short (i) when their length of internal notch
1S Smal'l com_pared to re!evant mlcrost.ruc- ¢ = half width of surface microcrack
tural dimensions (a continuum mechanics
limitation), (ii) when their length is small C = experimentally determined scalinz
compared to the scale of local plasticity (a constant (equation (2))
linez‘i‘x.' elastic fracture xpechanics _limitation), d = proportionality factor dependent
or (]l“) when they are s‘mply physically on yield strain ¢, and work harden-
small (e.g. < 0.5—1 mm), Since all three ing exponent n (equation (131)
types of short flaw are known to propagate
faster than (or at least at the same rate as) g = grain size
corresponding long fatigue cracks subjected d- ~ maximum thickness of excess
to the same nominal driving force. current 0 oxide laver )
defect tolerant fatigue design procedures '
which utilize long crack data can. in certain ¢ = nominal difference in crack lenuth
applications, result in overestimates of life- between fatigue crack of lenuth «
times. The characteristics of the short crack in unnotched specimen and equivi-
problem are critically reviewed in the light lent fatigue crack of length [ grow-
of the influences of local plasticity, micro- ing from notch
structure, crack tip environment, growth E = elastic (Young's) modulus
mechanisms, crack driving force, and the E' = effective value of Youne's modulus
premature closure of the crack. IMR, 137 under different loading conditions
1 = function of stress intensitv factor
range AA and load ratio R
(equation (15))
rjj = dimensionless function of polar
angle » measured from crack plane
(equation (3))

r{j‘ '1] = universal functions of both polar
angle » measured from crack
plane and work hardenins exponent
¢ (equation (10))

(, = strain-energy release rate
Professor S, Suresh, BTech, MS, ScD, is in the J = scalar amplitude of crack tip
s . . A . stress and strain field under non-
Division of Engineering, Brown University, linear elastic conditions
Providence, RI, USA. Professor R, O. Ritchie, MA,
PhD, FIM, CEng, is in the Department of Materials AJ = cvclic component of -/
Science and Mineral Engineering and the Lawrence ke - fati . “th reduction fact v
Berkeley Laboratory, University of California at f = fatique strencih reduction fact s
Berkeley, Cal., USA. Professor Suresh was formerly ky = theoretical elastic stress con-
with the University of California at Berkeley, centration factor
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45 Nl ad RoVchie Propagcat ov ar Short at o cinicins :
i k. = strain and stress concentration ¢ = fraction of eluastic strain with
factors values between 0.5 and t
he| = closure stress intensity factor (equation 122,
Krcn - critical value of microscopic § = dlmengonles\s function of Zeamerr
stress intensitv at tip of slip band (equation (8
Ay - stress intensity factor in mode I = radial distance from crack tip
loading Fraxe Y3 = maximum and cvelic sizes of
il - critical stress intensity at failure plastic zone
iplane strain fracture touchness; ry = size of plastic zone
m : : 3 s .
A1l - mnde Il value of microscopic ri = cvelic size of plastic zone ut
stress intensity at tip of slip band faticue limit
(Fig. 1I7) s
R = load or stress ratio thnyy A
A) = limiting stress intensitv for long . s e
crack emanatine from notch R, = ratio of minimum t» maxin
‘ strain (Fic, 24
N .KNmin = maximum and minimum stresss . . .
P max- fmin . Qs X s = half distance between locati-n 1
intensities during cycle - - )
: thickest oxide laver ani crack rip
K¢ = limiting stress intensity for short - . . .
. S = compliance of microcrack in
crack emanatine from notch
completely opened state
K, = threshold stress intensity factor :
th : i, = length of blocked slip bani z-u.-
. = long crack threshold stress . . . .
K., X - AN, AW, = elastic and plastic components ¢
intensity factor P . S
’ of strain-energy densitv ran.e
.., = local mode I and mode 1I stress : .
Ky Ky : : . v = ratio of mode II to monde 1 crack
intensity factors for non-linear tip displacements
crack p disp
AR = nominal stress intensity factor a = empirical constant in Peterson +;
range (Kpmax — Kmin! (equation (32))
AReg = effective stress intensity factor J = constant in equation (36!
range (K —K : : .
ge (K max cl) ; = non-dimensional fracture surfuace
AKeq = equivalent stress intensity range roughness factor
for short crack R . : C
5, 8t = crack tip opening displacenen:
AK; = initial stress intensity range ; .
1 ’ & 6max, A6 = maximum and range of crack tip
AKyp = threshold stress intensity factor opening displacement
range : . .
& Slomax) = crack tip opening displacement .t
AK, = pseudo-elastic—plastic strain maximum stress
intensity range . . .
§(0) = crack tip opening displicement at
AK; = long crack threshold stress zero load
intensity factor range . . .
Ady = crack tip opening displacement
I = length of crack growing from notch range
i /¢ = transition size of crack growing ¢ = local strain
from notch . i
€p = plastic strain
1 m = exponent in Paris power law . .
4 (equation (2)) ¢, = vield strain
1 »’ = exponent in power law for elastic- S¢ = local strain range
) plastic fatigue crack growth Aeg, d¢p = elastic and plastic strain ranves
b (equation (12))
) % = polar angle measured from crack
n,n’' = monotonic and cvclic work harden- plane
ing exponents, respectively ) )
4 24,91 = angles associated with crack
N = number of cycles deflection (Fig, 31)
Nj = number of cvcles necessary to v = Poisson ratio
initiate macrocrack o = notch root radius
.\'p = number of cycles necessary to o = local stress
propagiate macrocrack subcritically < )
t until failure 0™ = nominal stress
: I,Cl - Cl()sure load ﬂ]urinz f..lti‘:uf‘ C\'Cle ,_)Cl, On]lx = (‘lOSUrC‘ and maximum siresse s
’ s . : 4 .
4 Praxs Pmin = "‘Mimum'and minimum [oads 0e ~ tensile s‘trgss corresponiins o
Aduring faticue cycle faticue limit
International Metals Rerrews, 1984, Vol 29, No 6
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ofy = normal frictional stress for
dislocation motion

Jiy = local crack tip stresses dependent
on distance from crack tip and
inclination to crack plane

th = threshnld stress for no crack
srowth

vield r flow stress

- local stress rance

A% - nominal stress rance

Aue = fatizue limit or endurance strencth

Ap = threshold stress rance for no
crack growth

Tfr = shear frictional stress for disloca-
tion motion (Fig, 1T)

Faticue fractures account for the vast majority of
in-service failures in most engineering structures
and components, either as a result of pure
mechanical loading or in conjunction with sliding
and friction between surfaces (fretting fatique),
rolling contact between surfaces (rolling contact
fatigue), acgressive environments (environmentallv
assisted or corrosion fatigue) or elevated tem-
peratures (creep faticue), Such progressive
fracture of materials by incipient growth of flaws
under cvclically varving stresses, termed faticue,
can be categorized into the following discrete vet
related phenomena:

i) initial cvelic damage in the form of cyclic
hardening or softening

(i) creation of initial microscopic flaws
{microcrack initiation)

(iii) coalescence of these microcracks to form an
initial 'fatal flaw (microcrack growth)

(iv) subsequent macroscopic propagation of this
flaw (macrocrack growth)

(v} final catastrophic failure or instability.

In envineering terms the first three stages,
involving cvelic deformation and microcrack
initiation and ¢rowth, are generally classified
together as (macro-) crack initiation, implying the
formation »f an ‘engineering sized' detectable
crack re.r, »f the norder of several grain diameters
in lenctht, Thus, in such terms, the total fatigue
life NV can be defined as the number of cycles
nece<sary both to initiate a (macro-) crack. Ny,
and to propagate it subcritically until final failure,
.\'p, i.e,

NoNgeNp oo

In faticue desigmn, where data from laboratory

sized specimens are used to predict the lifetime

of more complex components in service (see Fig, |
after Ref. 1}, this distinction between initiation and
proupagation lives can be critical. Conventional
approaches to fatigue design involve the use of

5 N curves (stress /, number nf cvcles), repre-
senting the fotal life resulting from a given stress
(nr strain) amplitude, suitably adjusted to take into
account effects of mean stress (using, for example.
Gondman diagrams); effective strec< concentrations
at notches (using faticue strength . ~tion factors
or local strain analvsis); variable amplitude loading
tusing the Palmeren--Miner cumulative damage law
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1 Schematic diagram showing various stages of
fatigue in engineering components and typical
laboratory tests to evaluate fatigue life!

or rainflow counting methods); multiaxial stresses;

vee Ref, 2). Although based on total life, this
approach — which is in widespread use, particulariv
in the automotive industry — essentially reprecents
design against crack (witiation, since near the
fatigue limit, especially in smooth specimens, rn =
of the lifetime is spent in the formation of an
encineering sized crack. In procedures for
predicting lifetimes, such S—N or low cvcele fatime
{LCF) testing might simulate the initiation and
early growth of the fatigue crack within the fullv
plastic region of the strain field at some stress
concentrator {(sece Fig. 1),

For safetv-critical structures, especiallv
those with welded and riveted components, the
approach is different, There has been a ur winc
awareness that the presence in a material -f
defects below a certain size must be assumed and
taken into account at the desien stage. Under such
circumstances the integrity of a structure will
depend on the lifetime spent in crack propawsation,
and since the crack initiation stage will be short,
the use of conventional 5—V total life analvses mav
lead to dangerous overestimates of life. Such
considerations have led to the adoption of the
so-called ‘defect tolerant’' approach in which the
faticue lifetime is assessed in terms of the time,
nr number of cvcles,necessary to propagate the
largest undetected crack to failure.3 Here the
initial size of the crack is estimated usins non-
destructive evaluation or proof tests, whereas the
final size is defined in terms of the fracture
toughness K|, the limit load. or some allowable
strain criterion. This approach, the onlv one uxed
for certain applications in the nuclear and aer.-
space industries. for example. relies on the
integration of an expression for crack growth,
representing a fracture mechanics characterization
of relevant faticue crack propagation data suitably
modified to account for mean stress effects e,
using the Forman equation), variable amplitude
loading (e.z, using the Wheeler or the Willenborys
maodel), environmental effects. and so forth, as
required (for a summaryv, <ce Ref.4). Such expres-
sions are venerally based on the oricinal Paris
power law relationship, i.e.are f the form

do dN - CARM ) . . . o2

where C and » are experimentallv determined
scaline constants, do dV is the crack ¢r win

Intevnational Metais Reroeos, 198 Vol 200
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increment per cvcle, and AR is the alternating
stress intensity factor given bv the difference
between the maximum and minimum stress mten-
sities in the fatigue cycle (MK = Apgax — Amin!-

In its simplest form equation (2) provides a
reasonable description of growth rate in the so-
called intermediate range of growth rates, typically
between 10— and 10-3 mm cvcle. However, it
underestimates propacation rates of hicher values
of AR, as final instability is approached (e.q.as
Amax A, '.but .verestimates propagation rates
at lower values of AKX appronaching the so-called
long crack faticue threshold stress intensity range
AR, below which ! ‘ne cracks remain dormant or
grow at experimentally undetectable rates.% Since
the time for crack initiation is generally taken to
be zern. such defect-tolerant lifetime predictions
are assumed to be inherently conservative and

tn simulate the macroscopic growth of the fatigue
crack (~¢¢ Fig, 1), In its most widely used form,
that based on linear elastic fracture mechanics
tLEFM), the latter approach would imply crack
growth outside the notch strain field where the
crack tip plastic zone is small compared to the
crack length, i.e.that a long crack propagates
under nominally elastic conditions, 59

Current practice in the determination of the
relevant crack growth 'law’* for a particular
material under a particular set of conditions for
a given application is to use data from laboratory
tests on fatigue crack propagation, characterized
in terms of the linear elastic stress intensity range
AR . However, most of these data have been
obtained from testpieces containing cracks of
25 mm or so, whereas many defects encountered
in service are far smaller than this. particularly
in turbine discs and blades, for example. In the
relatively few cases where the fatigue behaviour of
such short cracks has been studied experimentally
(for earlier reviews, see Refs. 7—-12), it has been
found — almost without exception — that, under the
same nominal driving force. the growth rates of
short cracks are greater than (or at least equal to)
the corresponding growth rates of long cracks 'see
Fig.2). This implies a breakdown in the similitude
concept generally assumed in fracture mechanics,
as described in the section 'Similitude concept’
below. Furthermore, it suggests that the use of
data for long cracks in defect tolerant lifetime
caleulations for components where the growth of
short flaws represents a large proportion of the
lifetime. can lead to considerable overestimates,

There are several ways of defining "short'¥
cracks:

(i) cracks which are of a length comparable to the
scale of the microstructure (e.g.of the order
of the grain size)

*Although often termed 'laws’, such crack growth
relationships are invariably totally empirical and
are derived simply by fitting mathematical equa-
tions, of the form of equation (2), to sets of
experimental data.

T A distinction is sometimes made between small
cracks, which are small in all dimensions, and
short cracks. which are small in all but one
dimension (presumably the width), although such
definitions are not considered in the present
review.

International Metals Reviews, 1984, Vol .29, No. 6
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2  Typical fatigue crack propagation rates
(da/dN) for long and short cracks as function
of stress intensity factor range AK

(ii} cracks which are of a length comparable @+ the
scale of local plasticity (e.g. small cracks
embedded in the plastic zone of a notch or o
a length comparable with their own crack tip
plastic zones, typically - 1072 mm in ultranizh
strength materials and =0.1 -1 mm in low
strength materials)

(iii) cracks which are simply phvsically small
(e.2.<0.5-1 mm).1

Most investigations to date have focused on the
first two factors. which represent, respectivelv. a
continuum mechanics limitation and an LEFM
limitation to current analyses. Here, presumably
with an appropriate micro- or macro-mechanics
characterization of crack advance. it should be
possible to establish a correspondence between
data for the growth rates of long and short cracks.
However, physically short flaws, which are 'long’
in terms of continuum mechanics and LEFM
analyses, have also been shown to propagate more
quickly than corresponding long cracks under the
same nominal driving force see e.g.Refs. 11 and
12). This may reflect basic differences in the
physical micro-mechanisms associated with the

extension of long and short cracks. Thus. phvsically

short cracks represent a limitation in the simili-
tude concept of fracture mechanics.

In this article is presented a review of the
experimental results that have been obtained and
of the ways in which the growth of short faticue
cracks in engineering materials has been inter-
preted, The literature on 'conventional’ crack
initiation and ‘'long' crack growth is examined only
briefly since these are topics which have been
given ample coverage in Refs . 4—7. However.a
concerted effort has been made to review a// the
currently available information on short cracks,
Since this is a rapidly expanding field some
references may have inadvertantly been missed.
and the authors regret anv such nmissions,

1Such physically small flaws are sometimes
referred to as ‘chemically small’ where environ-
mental effects are dominant,:!
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Situations in which short and long cracks may grow

differentlv are discussed, from both an engineering
and a mechanistic viewpoint, in terms of (i)
appropriate fracture mechanics characterization
and (ii) the physics and mechanisms involved in
crack advance. In the former case the short crack
problem is treated principally in terms of elastic--
plastic fracture mechanics (EPFM) analvses in
which the effects of local crack tip plasticitv and
the strain fields at notches are taken into account,
whereas in the latter case differences in crack
srowth behaviour are examined in terms of the
role of crack size and shape, microstructure,
environment, and mechanisms for crack closure
and extension, First,though, a brief summary is
viven of the fracture mechanics procedures used
ty characterize fatigue crack propagation for both
lone and short cracks,

FRACTURE MECHANICS CHARACTERIZATION
OF FATIGUE CRACK GROWTH

Linear elastic fracture mechanics

The fracture mechanics approach to correlating
cvelie crack advance begins with characterizing
the local stress and deformation fields at the
crack tip. This is achieved principally through
asvmptotic continuum mechanics analvses where
the functional form of the local singular field is
determined to within a scalar amplitude factor
whose magnitude is calculated from a complete
analysis of the applied loading and geometry, For
the linear elastic behaviour of a nominally
stationary crack subjected to tensile (mode I)
opening, the local crack tip stresses v;; can be
characterized in terms of the K| singqular
field:13.1¢

1

7ij(". =) = T)E Kl " () - Orl2y -
1275

1 .

Iim Ji)'(r_ )= "L'ij (=) (3

r-o (2arv/2
where K, is the mode [ stress intensity factor, »
the distance ahead of the tip, ~ the polar angle
measured from the crack plane. and rj; a dimen-
sionless function of ~, Similar expressions exist
for cracks subiected to pure shear (mode II) and
anti-plane strain (mode I), Provided this
asvmptotic field can be considered to ‘dominate’
the vicinitv of the crack tip, over a region which is
larce compared to the scale of microastructural
deformation and fracture events involved, the
scalar amplitude factor K; can be considered as a
single, configuration independent parameter which
uniquelv and autonomously characterizes the lncal
stress field ahead of a linear elastic crack and can
be used as a correlator of crack extension.

For cracks subjected to cyclically varving
loads, K; must be defined at the extremes of the
cycle, such that a maximum and a minimum stress
intensity (K max and K mip. respectively) for a

particular crack length can be computed. Acconrding

to the original analysis by Paris and Erdogan.!?
the crack growth increment per cvcle in faticue,
da dV, can be described in terms of a power law
function (equation (2)) of the range of K, given by
the stress intensity range AK. It is important to

note here that such an asvmptotic continuum
mechanics characterization does not require 3
detailed quantitative knowledze of the microscopic
behaviour of individual fracture events, and thus
the analysis is independent of the specific micr -
mechanism of crack advance.

One of the principal limitations of this
approach, specifically of the adoptinon of A as 2
valid description of the crack tip field, i< that a
state of small scale vielding must exist, From
equation {3) it is apparent that as » —0, stresse =
become infinite at the tip. However, in realitv <such
stresses are limited bv local crack tip vieldinz,
which occurs over a recion ahead of the crack tip
known as the plastic znne, Calculations of the
extent of this region varv according 1. the made o
applied lnading and the veometry of the hody, o
but a rough estimate of the size . of the plastic
zone ahead »f a2 monotonically ! aded cracs i~
given by

v T 2= ( 7A

Q
where 7, is the vield strength of the materin?,
Provided this extent ~f lncal plasticity is sniai!
compared to the extent of the K -field, which i
itself small compared to the overall dimwvnst -
the bodv (including the crack lensth' the plastic
zone can be considered as merelv a small perrur-
bation in the linear elastic field. and the A -field
can be assumed to dominate the rexisn ar wnd “he
crack tip. This situation, known as small scal«
vielding. occurs onlv when the size of the plastic
zone is at most one-fifteenth of the in-plane
dimensions of the crack length and the Jdepth
remaining ligament.

The lncal vielding ahead of faticue crace« :=
made somewhat more complex by reversed piasti-
citv. However, following the analvsis bv Rice- "
a cyclically stressed, elastic —perfectlv plastic
solid. plastic superposition of loading and unloadin .
stress distributions can be used to compute the
extent of the plastic zone ahead of a fatirue crack.
On loading to A pypx. @ monotonic or maximun:
plastic zone is formed at the crack tip f
dimension (from equation 4

I

o1 Kmax
max =~ 2__ ( - ‘

Ty

However. on unloading from K pax 10 A pyyqp. Suber-
posing an elastic unloading distribution of maxinun
extent 2, gives rise to residual ¢compressive
stresses of magnitude - in a recion ahead of the
crack tip. This region is snown as the cvelic
plastic zone, and its size » y is approxiniatelv o
quarter of the size of the monaotonic z nes

1 AR -

'3 2n ( 2. )

where, strictly speakinz, - is now the cvelie viedd
strength. Once again, the correlation of K with
crack extension by faticue will be a vald aper aeh
provided small scale vielding conditions appls.
namelyv that ymax be small compared » b
in-plane dimensinns,

The numerical values f the stre s<
factors at the crack tip. Ay 2h and ~0 noeae
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be determined from the asymptotic analyses, vet
can be computed from the overall geometry and
applied loading conditions; in fact, solutions for

K| applicable to a wide range of conditions are now
tabulated in handbooks.!8-20 A useful example of
such K, solutions which is particularly relevant to
the short crack problem is that of a crack (of
length /) growing from a notch (of length 2¢) ~

sec Fig. 3. Modelling the notch as a circular hole
in an infinite plate under a remotely applied
tensile stress 1™, the limiting analytical A| solution
for a short crack emanating from the notch is
obtained as

Ky = 1.12kga " (z1)¥2

(T

where ky is the theoretical elastic stress con-
centration factor (equal to 3 herej and 1.12 is the
free surface cnrrection factor. However. when the
crack becomes long the limiting stress intensity
is obtained bv idealizing the geometry so that the
notch becomes part of a long crack of length

« = ¢ + [, such that

AI—QO yve2 e (8)

where @ is a dimensionless function of geometry,
such as a correction factor to allow for finite
width., The numerically determined K| solution for
any crack emanating from a notch, shown by the
dashed line in Fig.3. can be seen to be given by

the limiting cases of short and long cracks. As
shown by Dowling,2! the transitional crack size

!y, which can be interpreted as the extent of the
local notch field, can then be obtained by combining
equations (7) and (8) to give

lg = c/[(1.12ky/ Q)2 + 1) (9)

al¢c. Crack Length From Certreline
12 1.4

K/ e Dunensiontess Stress Intensity

0.4
t/c, Crack Length Beyond Notch

2 0.2

3  Linear elastic K; solutions for crack of length
! emanating from circular notch of radius ¢
in an infinite plate subjected to remotely
applied uniaxial tensile stress o*, short
crack (Kg) and long crack (K1) limiting
solutions and numerical solutions are shown2!
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Values of /; are generally a small fraction of the
notch root radius o, and for moderate to sharp
notches they generally fall in the range o 20 1o
24, Dowling?! has further noted that £,0° values
only 20—-30°, above 74 are sufficient to generate a
notch tip plasnc zone which engulfs the small
crack region /; and thus, for small cracks at
notches, LEFM analvsis will often be suspect,

Elastic—plastic fracture mechanics

The above example serves to illustrate nne aspect
of the short crack problem, where the crack lenvth
is comparable with the size of the plastic zone
around the notch tip. A similar situation, where
small scale yielding conditions may not apply.is
when the plastic zone at the tip of the fatigue
crack itself is comparable with the crack length,
i.e.when ¢~ry. Since the use of A, singular fields
is no longer appropriate in such instances, alterna-
tive asymptotic analyses have been developed to
define the crack tip stress and strain fields in the
presence of more extensive local plasticity for a
recent review, see Ref. 22), Based on the deforma-
tion theory of piasticity (i.e.non-linear elasticitv -,
the asymptotic form of these local fields for n:in-
linear elastic power hardeninq solids obeving the
constitutive law ¢ x €J, is given by the Hutchinson
Rice—Rosengren HRl{)) singularity as?3.24

lim crij(r, 9)

= (E'J/ogr )W/ (1) g4 f{j(‘.»l? /
r—o

100

Hm  ejj(r, ») = (E"J/ogr)V (N1 "i'j(“.rl) \

Yy —o

where n is the work hardening exponent, £’ the
appropriate elastic modulus (= E for plane stress
or £:(1 — v2) for plane strain), and 7jj and ‘j; are
universal functions of their arquments for p[’a
stress and plane strain, respectively. The ampli-
tude of this field is the so-called .J-integral-3 and.
analogous to K;,J uniquely and autonomously
characterizes the crack tip field under elastic
plastic conditions, provided there is some degree
of strain hardening. Furthermore, for small scale
yielding J can be directly related to the strain
energy release rate G, and hence to k. i.e.

J=G=KZE

Despite difficulties in establishing the precise
meaning of JJ as applied to a description of the
growth of cyclically stressed (non-stationary)
cracks, Dowling26 and Dowling and Begley=7
proposed a power law correlation of fatigue crack
growth rates under elastic—plastic conditions to
the range of J,i.e.

dardV > aJm’

Provided such analysis is fundamentally justified.
the use of AJ does present a first approach to
characterizing the growth of short cracks which
are comparable in size to the extent of local vield-
ing. However, as mentioned above, the validity of
the A.J approach is often questioned since it
appears to contradict a basic assumption in the
definition of .J — that stress is proportional to the
current plastic strain.?5 This follows because -/

is defined from the deformation theory of plastici'v.
which does not allow for the elastic unlvadinge and
non-proportional loading effects which accompany

(linear elastic) ‘114
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crack advance.?8 However, by recognizing that
constitutive laws for cyclic plasticity (i.e.the
cvclic stress—strain curve) can be considered in
terms of stable hysteresis loops ...d that such
loops can be mathematically shified to a common
origin after each reversal, the criterion of stress
being proportional to current plastic strain can
effectively be satisfied for cyclic loading. 22.29

An alternative treatment of elastic—plastic
fatique crack zrowth,which is not subject to the
restrictions required by non-linear elasticity. is
to use the concept of crack tip opening displace-
ment (CTOD). From equation (10) it is apparent
that the opening of the crack faces as » — 0 varies
as ¥ V(D=1 sych that this separation can be used
to define the CTOD (6¢) as the opening where 45
lines emanating back from the crack tip intercept
the crack faces. Thus, for proportional loading

Ay = «I((o.m J 08
.'t X I\:') )OE'

(elastic—-plastic)

i13)
tlinear elastic) !
where /{ is a proportionality factor having a value
of ~ 0.3—1 depending on the vield strain ¢,. the
work -hardening exponent », and whether plane
stress or plane strain is assumed.30 Since 6.
like J.can be taken as a measure of the intensity
of the elastic—plastic crack tip fields. it is feasible
to correlate rates of fatigue crack growth to the
range of by i.e.the cvclic CTOD afy:

da dN : A%, (elastic—plastic)
da/dN = AK? 2040E’ (linear elastic)

14)

Approaches based on J and §; are basically equiva-
lent for proportional loading. and are of course
valid under both elastic—plastic and linear elastic
conditions. Therefore, they are generally applica-
ble to a continuum description of the growth rate
behaviour of cracks that are considered small
because their size is comparable with the scale of
local plasticity. For such short cracks the use of
EPFM rather than LEFM may thus be expected. at
least in part. to normalize differences in behaviour
between long and short cracks. However, the short
crack problem is not simply a breakdown in the
application of LEFM since the use of elastic—
plastic analyses cannot totally normalize
differences between short and long cracks.
Although elastic—plastic analysis is certainly
important, differences in tlie behaviour of long and
short cracks can also be attributed to micro-
structural, environmental, and closure effects,
Thus the short crack problem relates to a break-
down, not simply in LEFM, but in the fracture
mechanics similitude concept,

Similitude concept

The application of fracture mechanics to the
propagation of fatigue cracks is based on the
premise that the governing parameter, such as the
stress intensity factor K| or the .JJ-integral. used
to correlate growth rates fully describes the
stress and deformation fields in the vicinity of the
crack tip. In addition, it is implicitly assumed
that the concept nf similitude see Fig.4) is valid.
This concept implies that, for two cracks of
different sizes subjected to the same stress
intensity (under small scale yielding) in a given

- P AT AT e e N AR AT
M_kmﬁ Y L.J_J:L.A.'k,. (W n;ﬁl‘:\t\ .hi&':.i‘\'.'- AU

Nake of previous piostic rones

D

« short crack. ¢ ~ ryi h long crack. « 7y

4  Schematic representation of similitude con-
cept, which implies that cracks of differing
length @ subjected to same nominal driving
force, e.g. 8K, have equal plastic zone sizes
Ty ahead of crack and will therefore advance
by equal increments Aa per cycle

material-microstructure—environment svsien,
crack tip plastic zones are equal in size and the
stress and strain distributions along the borders
of these zones (ahead »f the crack: are identica’.
Accordinglv, equal amounts of crack extension
da are to be expected. For a cvclic load denoted
by K mpax and Kmin- this dictates that

Ag =de dV = " (Kpax. Kpin) - AR R

w

for each cvcle, where the stress intensitv

range AK = K¢~ Apyjp and the Ioad rati»

R = Kpin Kmax. However, this concept of simili-
tude cannot be applied when

(i) crack sizes approach the lacal microstructural
dimensions

{ii} crack sizes are comparable with the extent of
local plasticity for non-stationary flaw s

(iii) through thickness, out of plane stresses
{which are independent of K|} are different

(iv) crack extension mechanisms are different

(v) extensive fatigue crack closure is observed

{vi) external environments sienificantly influence
crack growth,

to name but a few instances,!9.12.31.32 \yst of
these mechanisms are specific to the short crack
problem and thus contribute to differences in the
growth rate behaviour of long and short cracks at
nominally identical driving forces. Thev are
discussed below in terms of local plasticityv. and
microstructural and environmental factors. In
general. however, their effect on the breakdown o
the similitude concept for short cracks is that thev
influence (to varving degrees according to the
crack length, for example) the local driving force
(i.e.the characterizing parameter K. or.J
effectivelv experienced in the region near the tip-.
It is this 'near tip' parameter that voverns crack
advance, not the ‘'nominal’ clobal value of this
parameter computed bv conventional analvses of
externally applied loads and measurements of
macroscopic crack lengths. In only a few instances
have the relationships between the 'near tip‘ and
the 'nominal’ driving forces been quantified.
indicating that the methodologv for a global fracture
mechanics analvsis of short crack crowth has vet
to be developed.

EXPERIMENTAL TECHNIQUES

In the experimental measurement of the propaza-
tion and threshnld behaviour of small fatirze
cracks, manv complex problems associated with
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reproducibility and scatter can be encountered.
This is particularly true since most of the
approaches used so far have involved adapting
procedures originally designed for measuring long
cracks,

Several experimental techniques are available
for monitorine the crowth rates of long faticue
cracks s¢e e.g.Refs, 33-35), including

(i) ~ptical techniques (i.e.with the naked eve or
travelling microscopes, or using high speed
cameras)

(i1) methods based on measuring electrical resis-
tance or potential using either de¢ or ac
currents

(iii) compliance techniques using mouth opening
{clip) or back-face strain cauges

(iv) acoustic emission

(v) ultrasonics

(vi) eddv current methods,

the first three being the most widelyv used. For
long cracks, srowth rates above 107% mm/cvcle
are generally measured bv utilizing using such
techniques at constant cyclic load levels (i.e.
increasing AK with increasing crack length) 31
At levels near the threshold, on the other hand.
crack egrowth rates (da/dN < 1079 mm cvcle) and
threshold AKX, values for long cracks are normally
measured using the so-called 'load shedding’
(decreasing AK) method (see¢ e.g. Ref.6). This
procedure involves making continual reductions
in MK (starting from an intermediate value) of not
more than 10%. At each AK level. the crack is
then allowed to propagate over a distance at
least four times the size of the maximum plastic
zone generated at the previous higher AR level.
This load reduction scheme is repeated until the
threshold 3K, for no detectable (long) crack
advance is reached. Such procedures b typically
used to monitor the growth and arrest of long
fatigue cracks, pose extreme difficulties when
adopted for measuring short cracks. Firstly. one
faces the problem of estimating the depth of a
short crack. emanating from a surface, from its
width. This requires an empirical calibration
and,or an educated guess. Also, with load shedding
procedures used near the threshold. the crack is
continually growing and so may cease to be ‘short’
by the time the threshold is reached. Moreover,
the initiation stage of a 'major' short crack may
involve the linking up of several flaws (e.g.from
cracked inclusions) at different locations. While
low magnification optical techniques are not parti-
cularly suited to detecting the presence and
monitoring the growth of short cracks during a
fatigue test, other methods such as the potential,
resistance, or compliance teachniques may not
have the required resolution and reproducbility to
enable the growth of (part through) short cracks
of complex geometry to be characterized, In
addition to the difficulties associated with the
limitations of the crack monitoring device, the
growth of a short crack can be a strong functien
of local microstructural characteristics and
environment (see e.z.Refs, T-12). This aspect of
short crack advance can also lead to poor
reproducibility.

Since load shedding procedures are often
difficult to apply. there is always the question of

International Metals Reviews, [981, Vol 29, No 6

whether short crack behaviour should be studied
using an artificial or a natural crack. It is parti-
cularly difficult to create an artificial notch

without damaging the material immediately akead
of it, yet this is essential since it is this revion in
which short crack growth must be studied. The
areas around machined notches contain residual
stresses, whereas notches or starter cracks
introduced by electro-discharze machining have a
locally melted zone at their tip. Subsequent
annealing cannot be guaranteed to remove such
damage without drastically changing the micrao-
structure under test, As discussed below, there

are procedures in which a long crack is grown and
material in its wake is then machined off 1o leave

a short crack. Reproducibility is a2 major problem
here,as is crack shape, since anv amount of non-
uniformity or ‘bowing’ in the original long crack
will introduce irregular short cracks. However,
one very successful method for rapidly initiating
short cracks without causing significant damaze,
but only for aluminium alloys, has been to embrittle
the sample surface before fatigue using small drops
of ink at well separated locations.3% Although the
precise mechanism (involving some environmentally
influenced fatigue process) is unknown, short cracks
have been found to initiate extremely rapidiv.

Initiation and growth measurements of short cracks
Optical techniques

Crack monitoring techniques using visual methnds
have probably been the most widely used procedures
to date. For example, using procedures first
adopted by Barsom and McNicol37 for studving
crack initiation, Fine and co-workers38.39 have
used a metallurgical microscope with a long
working distance for visual and photographic
observations of crack initiation and microcrack
growth in wide, single edge notch (SEN) samples
of steels and aluminium allovs. The micronscope
was mounted on an y— micrometer base for
positioning and measuring crack length. A camera
attachment was available for photographically
recording the progressive changes in the surface
of specimens subjected to cyclic loading.

Morris and co-workers*9~ 19 ysed tapered
flexural and hourglass shaped fatigue samples to
monitor microcracks in aluminium and titanium
alloys. Cracks were initiated on the surface of the
specimen using various techniques, including
making starter notches and marking with felt-tip
pens. Crack propagation rates were estimated bv
monitoring crack size at regular intervals by
transferring the specimen to a scanning electron
microscope (SEM). The specimens were loaded
in the SEM to estimate the microcrack tip opening
displacement at the maxirmum load. For example,
an empirical calibration equation was obtained for
2219 T851 aluminium alloy from several measure-
ments of surface microcracks to estimate their
depth ¢ from a knowledee of their width 2c¢,

The expression

'2C = 0,362 + 25.01(S(opax! 2¢ 0.01%
. . . . . 5.

was obtained,'7 where &{cpax! is the CTOD at the
maximum stress. dmyx.
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Optical techniques have also been used to
study short cracks at elevated temperatures. For
example, Sheldon ef /.30 designed a microscope
with a long working distance to monitor /n sifr the
growth of short and long cracks in nickel-base
superalloys at temperatures as high as 650-C.
Cracks were initiated at high stress intensities
at ambient temperature, whereupon the load was
successivelv reduced until the approximate room
temperature long crack threshold values were
reached. Once load shedding was complete, the
specimen was machined and polished to a configura-
tion such that a crack only 0,06—0.16 mm loneg was
left in the test panel. The cross-section of the
specimen was a parallelogram containing the crack
at one acute corner. Sheldon ef al.claimed that
the taper allows the location of the crack front to
be defined more accurately, and that the crack in
the taper interacted with only a small amount of
material along its front. This was considered to be
representative of a naturally occurring small
crack.

Replication techniques

One of the most widely used techniques for moni-
toring the initiation and growth of small flaws has
been the replication method. For example.
Dowling51,52 ysed cellulose acetate surface
replicas for measuring the growth of short cracks
during low cycle fatigue tests on smooth axial
specimens of A533B steel. Tests were interrupted
periodically for replicating with ~0.1 mm tape.
softened with acetone to gain an impression of the
specimen surface. The propagation rates of such
surface flaws (of length 0,25—1.75 mm) were
characterized in terms of EPFM, specifically
involving AJ, Procedures for calculating J from
the loading portion of the fatigue cycle, summarized
in Fig. 5, involve the following approximations:51

(i) surface cracks were assumed to have depth
a equal to half their surface length 2¢
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{ii) ranges of stress and plastic strain, sbtained
from stable cvclic hysteresis lnops. were

used to quantify aAJ

the value of AJ for such semicircular surface
crack geometries was ¢given by:

A > 3.23Wew - 5.03Mpc . L 1

where aAllg and AW, are the elastic and plastic
components of the remote strain erer.
density ranges (see Fig.5)

the scaling constants in equation (171, which
incorporate correction factors for specimen
geometry and flaw shape, were derived fr.m
equivalent linear elastic solutions,

(iii)

(iv)

In the general sense. there are problems with
using either optical or replication techniques in
that they are difficult to applv in hostile envir n-
ments, such as in corrasive solutions Hr at elevated
temperatures. More importantly, they cive
information only on the surface length »f the

crack. and therefore assumptions must be made if
the internal profile is to be estimated,

Electvical potential techniques

Electrical potential techniques have alsn been
developed for studying short cracks. Gangloff.{ r
example, quantified the formation and subcritical
propagation of small cracks emanating from
artificial surface defects.11:33.5% Flaws were
introduced along a chord of an hourglass tvpe

(low cycle fatigue) specimen (at the minimum
diameter) by either conventional grinding or
electrospark discharge machining, The crack
depth was continuously monitored via dc electrical
potential measurements and an analvtical calibra-
tion model,53 and was found to agree reasonabiv
well with the corresponding values measured
optically. The calibration model used was claimed
to account for crack shape as well as variations in
depth for the elliptical surface flaws utilized in the
experiments. This technique is particularly suitable
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5 Procedure for estimating AJ from stress—strain hysteresis loops for growth of small cracks during

low cycle fatigue of smooth axial specimeng3!
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for physically short cracks, i.e.those 0.5—1 mm
long. and so has been effective in zaining informa-
tion on the growth of short fatigue cracks in
higher strength materials. Furthermore, since it
is a remote monitoring technique it can be applied
even in aggressive environments,

Othey techniques

Several other techniques have been proposed {or
the detection and monitoring of small flaws, and
many, although still in the development stage, show
excellent promise for obtaining measurements in
the micrometre—millimetre range. For example.
Nelson and co-workers55 have utilized a method
of monitoring surface acoustic waves to quantify
the depth and crack closure characteristics of
microscopic surface fatigue cracks, Using acoustic
measurements of the reflection coefficient of
Rayleigh waves incident on the crack, coupled with
optical measurements of surface crack length,
these authors were able to claim good accuracy
over a range of crack aspect ratios for depths
between 50 and 150 um (Ref. 55). Several electro-
chemical methods have also been proposed for the
early detection of microscopic faticue damage,
notably by Baxter.5% Accuracies of 10 .m have
been reported for the detection of small fatigue
cracks in both steels and aluminium alloys through
the identification of locations where such cracks
rupture the surface oxide film. Such rupture sites
are imaged using photoelectron microscopy and.
more recently, by measuring the re-anodization
current or with the aid of a gel containing iodine .36

Measurements of short crack thresholds

The load shedding procedure commonly used to
obtain the threshold 4K, for no detectable propaga-
tion of long cracks is not readily applicable to
short cracks (those of a size smaller than the local
plastic zone or the characteristic microstructural
dimension) because of the need to reduce the load
to threshold levels over a considerable distance

of crack growth. However, the procedure can be
used for physically short (0.1-0,8 mm) cracks in
ultrahigh strength materials where both the scale
of local plasticity and the grain size are smaller
than the crack depth, and load shedding procedures
can be sufficiently rapid to enable the near-
threshold region to be approached over small
increments of crack advance (see e.g.Ref.57).

Wiltshire and Knott38 used two different
methods to obtain short 'through-thickness' and
‘thumbnail’ cracks in a study of the effect of crack
length on fracture toughrncss, Suchk procedures
seem suitable for :use in evalnating growth and
thresholds for short cracks. For through-thickness
cracks in maraging steels a long crack was first
produced by fatiguing SEN specimens in bending,
as shown in Fig, 6a, with the sample in the solution
annealed condition. Short through-thickness cracks
were then obtained by grinding away the upper
surface, and the samples were subsequently aged
to develop full strength. Similar procedures were
used to produce short 'thumbnail' cracks, as shown
in Fig.64, The two top edges of a bend specimen
were machined away to leave a ridge along the
centre, a slot was introduced in the ridge. and the
specimen was fatigue precracked in bending. The

International Metals Reviews, 1984, Vol 29, Nu. s
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fatigue crack was found to propacate drwn the

ridge as a straight fronted crack. and then int . "he
bulk of the specimen wirth a semi-elliptical craicw
front. Its depth was controlled by stoppins the
bending after it had spread a certain distance
across the prepolished shoulders. Finallv, the
ridge was removed to leave a semi-elliptical
surface crack in the remaining rectangular secti n,

Such procedures have been used to produce
through-thickness and part-through-thickness
short cracks to measure the thresholds for the
arrest of short cracks.362 Usami and Shida.>®
for example, used this technique to measure fatigue
thresholds in a range of steels for crack sizes
between 0.1 and 0.3 mm. McCarver and Ritchie~"
used similar procedures to monitor the thresholds
for physically short cracks in a wrought nickel-
base superalloy, René 95, In both these investisa-
tions fatigue precracking was performed under a
far-field .yclic compressive load on bend speci-
mens. This results in growth and arrest of the
precrack to a predictable depth which is a functi..n
of the size of the plastic zone as computed {from
the compressive loads. Such compression vives
rise to residual tensile stresses which apparentlv
act as the driving force for crack growth.*
Following precracking and machining awav -
most of the crack, the samples were annealed in
an attempt to minimize possible damage in the
vicinity of the short crack tip. McCarver and
Ritchie®? subsequentlv measured short crack
thresholds in such specimens, using a procedure
analogous to defining a fatigue limit in unntched
specimens, Samples were cycled at different
initial stress intensity ranges AR and the sh rt
crack threshold defined in terms of the larzest
value of aK{ which did not cause failure or anv

*Recent studies by Suresh®3 or crack initiation
under compression in a wide range of allows have
revealed that cracks arrest at a length appr-xa1-
mately equal to the cvclic plastic zone size in
compression, However, at high cvelic compressive
Inads it was found that crack arrest can »ceur
critical lengths independent of applied load,
apparently as a result of the development f
closure behind the crack tip.
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7  Variation of initial stress intensity AK; with number N of cycles to failure for physically short cracks
in wrought René 95 (0, = 1400 MNm~2), showing definition of threshold AKy, for 0.01-0.2 mm cracks,
fatigue tested in moist air at 25 Hz and R = 0.1 (Ref. 60)

evidence of crack growth) in 108 cycles (see
Fig.7).

Measurement of closure of short cracks

The techniques available for routine monitoring of
the premature closure of long fatigue cracks
generally cannot be used for short cracks (whose
growth involves considerable geometrical changes,
and whose measurement suffers from irreproduci-
bility and scatter) which demand far superior
resolution in measurements, Closure in long
fatigue cracks has been measured using optical
techniques, compliance techniques, methods
involving electrical resistance or potential,
acoustic emission, and ultrasonics (see e.g.Refs,
33 and 34). Most of these techniques do not seem
suitable for use with short cracks because of their
insufficient resolution, insensitivity to short crack
shape and geometry, and irreproducibility.

Early studies of crack closure for short
cracks were carried out by Morris and Buck,4!
who used a compliance technique to determine the
closure load for surface microcracks of up to one
grain size produced in triangular specimens of
aluminium alloys subjected to fully reversed
loading. Scanning electron microscopy was then
used to measure the compliance of surface
microcracks. A 'home-made' fixture incorporated
in the electron microscope was utilized to apply
known loads to the samples in situ, High resolu-
tion micrographs of the crack were obtained at
different load (stress) levels, from which the crack
opening § was estimated, Figure 8 shows a typical
compliance curve for a microcrack obtained for
2219 T851 aluminium alloy. Morris and Buck
defined the following parameters to characterize
crack closure: 5(0), the crack opening displacement
at zero load, 0¢)/ omax, the closure stress ratio

(taken to be the value of 0/opyax at the inflection
point in the stress—displacement curve), and

S = &b/ &lo/ oyyax) measured for ¢ > 041, where S is
a measure of the compliance of the microcrack in
the completely opened state,

Compliance techniques were also used by
Tanaka and Nakai®1,64 for measuring crack
closure levels to examine the growth of short
cracks emanating from notched centre-cracked
specimens of a structural low carbon steel. Here,
the hysteresis loop of load v, CTOD at the centre
of the crack was recorded intermittently during
the test, ard the point of crack opening was deter-
mined as the inflection point of compliance,

0.7 Al 2219 T85i

R=-1,0mex® 090,
06 =y cycles, 0.3 Hz
05 45% RH

[: 73.4 y.m

S(um)

8 Typical microcrack compliance curve for
2219 T851 aluminium alloy; 6 is opening
across microcrack, and ¢/0max fraction of
maximum load applied during fatigue4l
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9  Appearance of typical surface microcrack
initiated at B-phase (Cu,FeAl,) intermetallic
in 2219 T851 aluminium alloy fatigue tested
in humid air45

magnified by a circuit subtracting the elastic
compliance from the loading curve.

Recently, procedures have been developed to
monitor the behaviour of short fatigue cracks,
using stereo~imaging techniques and /n situ
analyses in the SEM.65.66 Such methods enable
the crack opening (mode 1) and sliding (mode M)
displacements to be measured directly as functions
of load for both short and long cracks subjected
to cyclic loads within the electron microscope.

RESULTS ON GROWTH OF SHORT FATIGUE
CRACKS

Microstructural effects

The first definition of a short fatigue crack (see
the introductory section) refers to cracks which
are of a size comparable to the scale of charac-
teristic microstructural features. Figure 9 shows
a micrograph of such a typical surface microcrack
initiated at a /-phase (Cu,FeAl;) intermetallic in
2219 T851 aluminium alloy, taken from work by
Morris.!5 A number of recent experimental
studies?712.37-19.67-76 on the initiation and
growth of cracks in a wide range of materials
have revealed that such short cracks, initiated
near regions of surface roughening caused by the
to and fro motion of dislocations or at inclusions
and grain boundaries, propagate at rates which are
different from those of equivalent long cracks when
characterized in terms of conventional fracture
mechanics concepts, For example, it was first
shown by Pearson$8 that in precipitation hardened
aluminium alloys, cracks of a size comparable

to the average grain diameter grew several times
as quickly as long ¢racks at nominally identical
alternating stress intensities (Fig, 10). Other
studies of mild steels9 (Fig.11), silicon iron7¢
(Fig.12) and peak aged 7075 aluminium alloy?!
(Fig.13), for example, clearly reveal this lack of
correspondence between data for long and for
microscopically short cracks. However, the
results obtained by Lankford?!:72 and
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$20¢ matensl F others39.19.69.70.73.74 have shown that there is
Through crack /(l | generally a consistent trend to this variation
l ong between growth rates for long and short cracks.
.3|  ©d0/dN vs AK crcckJ Thi : : " : R
107+ R=-| f 1s'tr'end is dep}cted Flearly in Fig.14 for 7075 Tp
. Surface crack : aluminium allov. in which growth rates for lone and
- a(mm) é - for microscopically short (i.e.of a size comparanie
4005 a ] with the grain diameter) cracks are plotted as a
o 2 006 ’ ’ function of the linear elastic stress intensity
< .4 =0l 1 range.?! It is apparent from this figure that the
\3 {C 7 Cormer crack N growth rates associated with the short cracks are
£ 2035 g up to two orders of magnitude faster than those - f
g 2148 I i the long cracks, and further that such accelerated
£ o | | short crack advance occurs at stress intensity
S 8 : ranges well below the long crack faticue threshold
. < g3 - B stress intensitv range {3K,).7! The initiallv higher
Threshoid growth rates of the short cracks can be seen to
- 5 decelerate progressively (and even arrest in
certain cases) before merging with the long crack
| data at stress intensities close to ak ,, similar to
" a & ‘ observations reported elsewhere by Morris and
10 0‘5 | 5 5 5 30 co-workers, 2716 Kung and Fine.3° Tanaka and
' co-workers,70.75.76 Taylor and Knott, 73 and
AK MNm™32 others, The progressively decreasing growth rates
of the short cracks below the long crack threshold

12 Difference in propagation rates da/dN of short is intriguing since in terms of conventional
and long fatigue cracks as function of stress analyses one would imagine the nominal driving
intensity factor range AK for 37%Si iron of force for crack advance (e.g. AK) to increase with
yield strength 0, = 431 MNm—2 (Ref. 70) increasing crack length (e.g.as given by equatinns

(7) and (8)), thereby leading to progressively
increasing growth rates. However, the behaviour
of microscopically short cracks has been
. - rationalized in terms of a deceleration of growth
- - as a result of crack closure and through inter-
- o actions with microstructural features — parti-
= -375 75 Alumnum Alloy 0/3‘“4 cularly grain boundaries.!2.42747.69=75 For
, s example, specific observations of grain boundaries
cmedl o/ impeding the growth of short cracks have been
Tk / : reported for aluminium alloys, 12-16.71.72
k 2 - nickel-base superalloys,30 tempered martensitic
- / - high strength steels, 77.78 and lower strength mild
- 7 - steels,75.76 Using areuments based on micro-
= Ret 68 — 3 - plasticity and crack closure effects, Morris and

2T = CRACK LENGTH a

: = : o

H - - 0+ 7075 Te Aluminum Allcy

| z - - groin szes dgz >dg ‘
‘ 2 _ - 1
‘ " \ o 104- - Long Cracks II
, - _:— _5 -K; LEF\MY) B
; - z ¥ Short Crocks
‘» - ong crack data - £ 5 ?
: - - £ 0= ‘
| - [ - Z 4
P - \ - ke ‘
i Arrest - 3 .6 E
| 13.- IS 10 r '
' ! 2 4 g€ ] 3]
AK,MNm 32 ‘ :
i |O'7 &~o R ?reLShLoPlAlKO Py
6 a0 A0 ‘60 | 5 10 B!
28, um AK MNm 2
14 Effect of grain size dy on growth of micro-

13 Difference in propagation rates de/d¥ of short structurally short ang long cracks in 7075 T6
and long fatigue cracks as function of stress aluminium alloy o, = 515 MNm™2; micro- !
intensity factor range AK for peak aged cracks grow below long crack threshold )
Al—Zn—Mg alloy (7075 T6) of yield strength AK , and show growth rate minima approxi-
0o = 515 MNm~2 (Ref.71) mately where crack length a ~ dy (Ref.71)
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cuo-workers¥1~19% have modelled the process in
terms of two factors: the cessation of propagation
into a neighbouring grain until a sizeable plastic
zone is established, and a retardation in growth
rates caused by an elevated crack closure stress,
T inaka and co-workers?5.79.80 gimilarly con-
sidered the impeded growth of microstructurally
short cracks in terms of the pinning of slip bands,
emanating from the crack tip, by the next grain
boundaryv, The results obtained by Lankford?! and
shown in Fig. 14 indicate that the minimum crack

growth rate appears to correspond to a crack
length roughly equal to the smallest zrain dimen-
sion (i.e. @ ~'{,). Furthermore, the depth »f the
deceleration ‘well’ appears to be determined by
the degree of microplasticity involved in the crack
traversing the boundary. For example, when the
orientation between the grain containing the crack
and the neighbouring ¢rain was similar, there was
little deceleration in growth rates at the boundarv.
Thus a consensus from these studies is that.
despite their propagating faster than long cracks.

(a) ' I ' ! ' I
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S o G401l
b o SMal 25!
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5 G40 1)
é SM 4| 251
02 SM 4| 251 B
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! ] ] 1 ]
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100

a threshold stress Ao, normalized with respect to smooth bar fatigue limit Acg; 6 threshold stress

intensity range AKy, normalized with respect to long crack threshold Ak

15 Variation of threshold stress and stress intensity with crack length a, normalized with respect to
intrinsic crack length ay = (1/7)(AK,/A 0g)2 (Ref. 76)
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short cracks are apparently impeded by the
presence of grain boundaries, which in general
would be unlikely to affect significantly the local
propagation rates of long cracks. The extent of
reductions in the effective driving force for various
degrees of such short crack deflections at grain
boundaries has recently been calculated by
Suresh.81 Tt is the present authors’ opinion that

the interaction of short cracks with microstructural
features. which leads to the apparent progressive
deceleration of short cracks below the value of

AK; for long cracks, results principally from crack
deflection8! and associated crack closure!2.6!
mechanisms, The specific evidence for this is
examined in the ‘Discussion’ section beiow,

From such experimental studies, it is readily
apparent that threshold stresses (or stress
intensities) associated with long and short cracks
are likely to be very different. Conventional
fracture mechanics arguments imply that the
threshold stress intensity range (AKyy,) for a
particular material should be independent of crack
length (i.e. aK = AK, the long crack threshold,
is constant). Kitagawa and Takahashi,82 however,
first showed that below a critical crack size the
threshold AK¢p for short cracks actually decreased
with decreasing crack lenegth, where the threshold
stress Aoth approached that of the smooth bar
fatigue limit Aog at very short crack lengths (see
e.g. Fig,15). Typical experimental data showing
this decay in the threshold stress intensity range
AK¢h at short crack lengths are shown in Fig, 16,
taken from the results obtained by Romaniv et a/ .62
for annealed mild steel, 0,45%C austenitic steel,
and an Al—Zn—Mg alloy. Several workers have

20 T T T rrrYrT T T T
- 3
G40 I steel
10 —
X - 1
£ - e
g' i Mild steel S ]
£ [»)
x
< E
)
St o B
- Al-Mg-Mn allo 7
2 e P T | LL A al A
02 (o} ! 2 5
a,mm

16 Variation of threshold stress intensity range
AKyp, with short crack length a in G40,11
austenitic 0, 45%C steel, 0, = 550 MNm~2,
0.035%C mild steel, 0y = 242 MNm~2, and
Al—2Zn—Mg alloy, 0, = 180 MNm~2 (Ref. 69)

claimed that the critical crack size below whicnh
AKp is no longer constant with crack size
depends on microstructural and mechanical
factors.8-10,12,47.61.69-76.80-83 [t has even haoern
suggested, for example, that this critical crack
length above which LEFM is applicable is simplv
ten times the characteristic microstructural
dimension.83 However. from continuum mecharics
arguments, an estimate of this crack size can be
obtained in terms of (1 "W ARG Asei? with b th
AR, and Aoe corrected for a common load ratic.,
Typical values of this dimension, which effectiveir
represent the limiting crack size for valid LEF )M
analysis (see the section 'Fracture mechanics
characterization of faticue crack crrvth' above
vary from 1-10 .m in ultrahigh strength materiais
(i.e.75, ~2000 MNm™2) t0 0.1-1 mm in low
strength materials (i.e. 7, ~ 200 MNm™ ‘-

From such experimental results it is cenera.ls
concluded that the threshold condition for n.
growth for long cracks is one of a constant srress
intensity, i.e. AR, whereas the threshold conditim
for short cracks is one of a constant stress i.e.
the fatigue limit 33, or the endurance strencth,
Such a premise has been shown to be consisien:
with the models derived by Tanaka ef «/. 7" in wnicn
the threshold for short crack propagation is
coverned by whether the crack tip slip bands are
blocked, or can traverse the grain boundarv t an
adjacent grain. This condition governing whether
the slip band is blocked, shown in Fig. 17 in terms
of a critical value of the microscopic stress
intensity K at the tip of the band, vields expres-
sions for the fatigue threshold stress ) and
stress intensity Ky:

k@2 .
th :(11/)__)—1/2 ”:Ufr cosl(arh)y . . 18

Kip = ogp (ra)V2
= Kg‘(n/h yv2

+2((1,'fr)1/20f'r cos™u, h) . . 119y

Here, for a slip band coplanar to the crack plane
in the two dimensional model shown in Fig,17. »
is the crack length « plus the width # of the
blocked slip band zone, and ofy is the frictional

/\\ ~
X
S ¢ pang ~
—_ Tar a
- ‘ T 23 T
rack U
A o] / >n

Grain poundary

‘al (o) i

17 Schematic illustration of a crack tip slip band
blocked by grain boundary and 4 coplanar slip
band emanating from tip of isolated crack’6
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18 Predicted variation of threshold stress Aoy, at R = 0 with crack length g based on data for 300M
ultrahigh strength steel (silicon modified AISI 4340), oil quenched and tempered between 100 and
650°C to vary tensile strength (1186 to 2338 MNm—2) (Ref. 6)

stress for dislocation motion in the band. The cracks {i.e.lower Ang). 77 This effect is particular!s
long crack threshold stress intensity A, thus pronounced in ferrous allovs: as shown in Fi:, i1,
follows from equation (19) by taking the limit of increasing the tempering temperature to dvcrvas
Ky when ngy<a ie. strength level in an ultrahigh strength, silicon

. . Lo * o modified 4340 steel (300M) lowers the long cracs

Ko = K - 22 V20 ngl2 . .. (20) threshold MK, vet raises the faticue limit 2
whereas the short crack threshold stress, i.e,the {Ref.6). A second example, shown in Fig, 19, is
fatigue limit og, follows from equation (18) at from the work of Usami and Shida.3% who compared
n=0i.e. the threshold behaviour as a functinn of surface

R e TR ) L@ roughness (to simulate crack size) of a cast iron

e~ JAr ¢ 0 ) {75 = 113 MNm™2) and a maraging steel (1, - 1906
Since. at the fatigue limit, the slip band can be MNmM™2), It is quite clear from this work3" that
considered to be constrained within a single grain, the maraging steel. while of substantiallv hizher
, can be assumed to be approximately half the strength and having a far superior faticue res<isr-
grain size 4y, The interesting aspect of the blocked ance at short crack sizes (below 0.1 1 mm | is
slip band model is the prediction (from equations actually inferior to cast iron from the viewprint
(20) and (21)) that the long crack threshold K, of long crack threshold behaviour.

increases with grain size, whereas the short crack
threshold, or fatigue limit g, decreases.?® Such

predictions are borne out by experiment and Local plasticity effects

highlight the fact that metallurgical factors which The second definition of a short crack ‘<e¢ the
may improve resistance to the growth of long introductory section) refers to cracks which are
cracks (i.e.raise AK;) may simultaneously lower of a size comparable to the scale of local
resistance to the initiation and growth of small plasticity, such as the crack tip plastic zone
1 1 1 T IAKO
o™ MNmY2 |
O Maraging steel 26
N ° o (T 21906 MNmM™2) -
o ® FC 20 castron 59
o (gg 1I3MNM2)
g —Caolculated value
S 0%k *~— Threshoid for  _|
- centre-cracked
g L plate
) 1
- 2000 2
'o ////; C/’//’
Inclusion Pmn-hole cartrde
] | 1 1 ] 3
10™4 03 102 0! | 10 102

Surface Roughness, mm

19 Comparison of threshold behaviour of cast iron, o, = 113 MNm~2. and maraging steel, 0, =
1906 MNm~2, as function of surface roughness (to simulate crack size)5?

Inteynational Metals Reviews, 1984. Vol 29, No. 6

Al A T e 0 (O Ca e asosf h 0t Al r M e o ®a®n® ”an e o’ e of n a” arufn e’ oC, = q WMoty o, X, & Sl

)

xX_¥ MW

n



.

SENVEVREVEVEVF VS LUy LY Vs U ' el

generated by the crack itself (near-tip plasticity ',
or the strain field of a notch or a larger stress
concentration which mav encompass the crack in
the vicinity of the notch (notch field plasticitv),
Each of these two local plasticity effects is
examined below,

Neai«tinv vlasticity errects

Vhile elastic—plastic fracrure mechanics analvses
seem more suited to the characterization of short
cracks comparable in size to the extent of self-
induced near-tip plasticitv.a comparison of their
behaviour with equivalent long cracks using LEFM
analyvses (i.e.at the same nominal value of JA
shows that the short cracks garow much more
quickly,8-10.12.47.8% part of the reason for such
apparently anomalnus results lies not in anyv
physical difference between the behaviour of long
and short cracks, but with the inappropriate use

of LEFM analvses, This was shown particularly
clearly by Dowling, 3! who monitored the srowth of
small surface cracks in smooth bar specimens of
AS533B nuclear pressure vessel steel subjected to
fully reversed strain cycling, By analysing the
growth rates de ‘d\ in terms of AJ, using values
of J computed from the stress—strain hvsteresis
loops (described by equation (17) and shown in
Fig.5). there was found a closer correspondence
between the behaviour of long and short cracks
(Fig, 20), Analogous approaches to the short crack
problem have been suggested in terms of MK, the
pseudo-elastic—plastic strain intensity range 85787
or AReq. the equivalent stress intensity range 87

by, MmN 2
[e)e,0,}3 0 00! [e]] 01
-3 .
10+ SCATTERBAND FROM
LARGE SPECIMENS ™
072
A 3338 STEEL s
oy ™ WL
o, ° K
2 5 %
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e 13
s 3
- Io'5__ .
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20 Variation of fatigue crack growth rates da/dN
for long (a2 25 mm) and short (¢ 0.18 mm)
cracks in A533B steel, 0, = 480 MNm~2,
under plastic loading; data analysed in terms
of aJ (Ref.51)

ded Revelee Dranacalior o soort reti o crvge be o 4

siven in terms of a crack length ., elastic mduius
F.and representative strain rance ¢ as

1

2R, < deitabE = gl ‘A'*p"'_”"'
2heq = QF AciTak

where e is the sum of the plastic strain rano

2oy pPlus part of the elastic strain v 3en. where

0.3 o l.and @ is the compliance function based

n the equivalent linear elastic A. solution {-r the
Inading veometry in question, Recently, Starkey and
Skelton®® have shown that the &J and ~heq
approaches are essentially the same up to hizh
plastic strains. and gnod correlations have been
found berween data for long and short cracks at
bath room and elevated temperatures by expressin:
the crack zrowth data in terms of 1/ b or

M\eq.

Although analvses of the behaviour »f sh.:rr
cracks in terms of elastic—plastic consttutive
laws often seem necessarv. even with the m..re
appropriate characterization afforded bv such
fracture mechanics, it is still ofter apparent thar
short cracks propagate at somewhat faster rar <
(Fig,20), In order to account for this furth. v
‘breakdown’ in continuum mechanics characierizs-
tion. El Haddad and co-workerg?.84.89.87 hqy,
proposed an empirical approach based 'n tne
notion of an intrinsic crack lencth param.ter,
These authors redefined the stress intensity tace
in terms of the phvsical crack length plus .. such
that the stress intensity range which characterizes
the growth of fatigue cracks, independent «f cracs
lenath, is given by the equation

[$%]
[§%3

[§9)
w

()
sha

{ = QAo (ma ~ ogrite .

where & is the usual geometry factor,*t The
‘material-dependent constant’ ¢, was estimated
from the limiting conditions of crack lencth where
the nominal stress A~ " approaches the faticue
limit A0 when «¢ = 0 and where MK = AR, i.e.

1 ARG\ -
g R (—2) . . . . . 2
e Ace

un

The value of the intrinsic crack size «, can be
seen to be equivalent to the critical crack size
above which AR becomes constant at the long
crack threshold stress intensity AK,, in Figs. 13
and 18, In other words, «, is an indication of the
smallest crack size that can be characterized at
the threshold in terms of LEFM. This intrinsic
crack size approach has been claimed to be 3
special case of Tanaka and co-workers’ blocxed
slip band model ™ discussed above, where the
friction stress oy in equation {201 is taken L be
zero, Althouzh somewhat phvsically unrealistic,

setting ”fr = O_[\O - I\C cand o, Cooinequati o ns

{18) and (19 gives™
I
0 o
"th ~ T ’)"; . 7
SRERIE
K Ky ! :_ N-
!h - - . . . . . -

(@ + IlO]L -

which are identical to the expressins dorive o
El Haddad «f a/ 8% In pquations 2% art 27 N
essentiatly a fitting parameter that re-pxum.: Vs
the variation of do with crack lencth oo
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Fig.18. Furthermore.by recomputing both AJ and
AKX to include «,. E1 Haddad ef a/.9! have reanalysed
the short crack data obtained by Dowling3! (see
Fig,20) and claimed a closer correspondence
between results for long and short cracks. This
intrinsic or ‘fictitious’ crack size approach has
also been used to characterize a short crack
emanating from a notch,5%.91 as discussed in the
next section.

Although such an approach is successful in
explaining differences in the growth rate kinetics
of long and short cracks obtained from conventional
LEFM analyses, it is totally empirical, as the
physical significarice of the parameter «; is not
understood; neither is there any convincing
correlation between ¢y and any characteristic
microstructural dimension,

A somewhat different approach to rationalizing
the behaviour of long and short cracks, specifically
with respect to the threshold condition. was adopted
by Usami and co-workers,39.9279% To replace the
notion that the threshold condition is one of
constant stress for short cracks, but one of a
constant stress intensity range for long cracks,
these authors proposed a single criterion that the
cyclic plastic zone dimension (» ) at the fatigue
limit is a material constant,59.92794 They used
the Dugdale solution to approximate the size of
this plastic zone at the fatigue limit (»\f) for
R =20, in terms of the yield stress o, and crack
size a.i.e,

rif = a[sec(maoty, 40y) — 1] .. (28)

which was shown to reproduce the form of the
curve of Aogp versus crack size shown in Figs. 19,
18.and 19. Similar to the model based on an
intrinsic crack size, this model can again be
considered a special case of the blocked slip band
model (equations (18)—(21)) by setting K = 0
(Ref.76). By developing similar expressions for
negative R ratios, Usami and Shida3? have also
claimed to have explained the effects of stress
ratio and yield strength on the behaviour of short
cracks. However, experimental confirmation of the
constancy of  F at the threshold for long and
short cracks and the validity of the Dugdale solu-
tions for the size of the plastic zone in this
instance has vet to be obtained.

Notch rield plasticity effects

Local plasticity also has an important influence on
the initiation and growth of cracks emanating from
notches. Such cracks are defined as being short
because their size is comparable to the extent of
the strain field of the notch tip plastic zone (see
Fig.21).

Stress analyses and failure predictions for
notched components have traditionally involved the
use of theoretical elastic stress concentration
factors k¢ or. where plasticity is considered,
procedures such as those developed by Neuber 9%
For example. the well-known Neuber rule suggests
that the elastic stress concentration factor ky,
under conditions of plastic deformation, is given
approximately by the geometric mean of the stress
and strain concentration factors. k; and k.
respectively: 95

by = (koke) V2 B V1)
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21 Schematic illustration of crack tip and notch
tip plastic strain fields associated with growth
of short crack of length [ emanating from
notch of depth ¢ and root radius p

For elastic conditions, equation (29) reduces t.
ky = (0eEVV2 g% e . 30

where o and € are the local stress and strain at
the notch surface, respectively, 0™ is the nominal
applied stress,and E is the elastic modulus,

Although elastic stress concentration factors
are sometimes used in fatigue for conservative
desien in the presence of notches, £ is generallv
replaced by kg, the fatigue strength reduction
factor. k¢ can be considered as the effective stress
concentration under fatigue loading conditions
and is defined for finite life as

be = unnotched bar endurance limit
f = Thotched bar endurance limit

1\}“{ 3D

Values of k¢ approach the theoretical values of &,

for larger notches and in higher streneth materials,

the degree of agreement being measured in terms
of the so-called notch sensitivity index. defined as
(kg — 1), (k¢ — 1). Althouech values of k¢ are
tabulated in handbooks (see e.g. Ref. 96), the
determination of ¥ generally involves experimental
measurements or empirical predictions. such as
the Peterson equation for iron-base wrought
alloys.®7

ke =1 °(/~‘t——1)/[1 *(a/p)] . . 1321

where » is the notch root radius and « is an
empirical constant that depends on the strength
and ductility of the material. Typical values for
range from 0.01 for annealed steels to 0.001 for
hiehly hardened steels.? Since such empirical
equations are available only for steels, to avoid
alwavs measuring k¢ experimentally the so-called
‘local strain approach’, essentially a modification
of the Neuber rule for cyclic loading, has recently
been developed (sce e.g.Refs, 2, 98, 99), The values
of ks suggested by Morrow and co-workers®8 are
determined from the relations

kg = (hab b= (plastic) . 33
kg = (AgaeEWVE a0 felastic . 34

A B N A




where Ao ™, Ao, and A€ are the ranges of the
nominal stress, local stress, and local strain.
respectively. To compute k¢, equation (34), which
is the equation of a rectangular hyperbola (Lclde =
constant), must be solved simultaneously with the
cyclic constitutive law, which similarly relates
cyclic stresses to cyclic strains,

Fracture mechanics analyses. incorporatine
both analytical and numerical procedures (e.g,
from equations (7) and (8)) have also been utilized
by many authors to treat the problem of notches
in fatigue, In particular, Barsom and McNicol 37
Smith and Miller, 19% Dowling,21.101 Kitagawa, 102
Lukds$ and Klesnil, 193 E] Haddad and
co-workers, 91.104.105 3nd Tanaka and Nakai¢+*
have all attempted to characterize the growth of
small cracks which are either fully or partially
submerged in a notch tip plastic zone, Although
not concerned specifically with the growth of
short cracks, Barsom and McNicol47 proposed the
concept of a fatigue crack initiation threshold
AK /»>VY2 which is assumed to be a material
constant for the initiation of 'engineering sized’
cracks from notches of different root radii o (se¢
Fig.22). With the usual definition of the stress
concentration factor k¢, however, the concept of an
initiation threshold aK/o¥2 is really the notched
bar fatigue limit Aokt expressed in fracture
mechanics terms.? Smith and Miller, 199 on the
other hand, assumed that a fatigue crack of length
a growing in an unnotched specimen is comparable
to a fatigue crack of length ! growing from a notch
when both have the same instantaneous velocity
under identical conditions of bulk applied stress.
They further suggested that the contribution e
(= a— 1) to a crack of length | growing from an
edge notch of depth ¢ and root radius o can be
expressed as

e =17.6911(c/0)V2 .. ... (39)
and that the extent of the notch field is equal to

0.13(cp)VY2, This estimate of the size of the notch
field appears to be less accurate for fairly sharp

o p2220mm

£

b4 ‘
| _4 \ AK/D’Q:
| =3 \ ‘TH -

S 0:953mm \

. < \
i
2 L
o’ 10* 3 o

Fat:gue crack Mtiation cyc'es (N

22 Correlation of fatigue Iife, based an initiation
of engineering sized crack, with so-called
fatigue crack inittation threshold AKX /pV32
based on results for HY130 steel, o, = 1000
MNm~4, double edge notched specimens of root
radius p between 0.2 and 9.5 mm (Ref. 37)
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notches, and is in disagreement with the predicti.ns
made bv Dowling2! for this regcime .equation .3..,

An interesting aspect of crack growth from
notches is that, after growing a short distance,
cracks can arrest completely and become so-callet
non-propagating cracks iNPCs), as first demorn-
strated by Phillips.19% Frost,'°7 and Frost and
Dugdale.! 98 Since then. a number of other
studiest:89.91.100.103.109-111 Rhave confirmed
that NPCs exist, although the mechanism:s) by
which a propagating crack becomes an NPC is n
understood, Stress—strain life analyses, however,
have revealed that NPCs form only at sharp
notches, above the critical stress concentration
factor by (see e.2.Refs, 100,109, 1111, This is
illustrated in Fig, 23, where the lone life fatirue
strengths (i.e,fatigue limits) are plotted as func-
tions of k¢. It is apparent from this ficure that the
threshold stress for crack initiation, t.e.the
unnotched fatigue limit acp divided bv kg or by, s
less than the stress that would cause complete
failure above the critical k; for NPCs.

Fracture mechanics analvses of the plasticity
of the notch field suggest that the conditinm { ¢
non-propagation involves either the long crack
threshold stress intensity AR applied to the sh.rt
crack.?? or a threshold strain intensity factor
incorporating an intrinsic crack length i« term. ¥
As discussed below, the above muodels fail to
explain physically why NPCs occur since the mere
presence of a notch plastic zone does not obviously
give rise to a driving force for crack growth which
passes through a minimum.

Whether short cracks emanating from notches
arrest or not, their growth, as compared to results
obtained from conventional LEFM analvses f | .ny
cracks, is generally non-unique and significantly
faster when characterized in terms of AR r
Kmax. An example of this behaviour is shown in
Fig.24.from the work of Leis and F .rte.!*" where
growth rates are plotted for cracks 250 .m long
propagating from notches of varyine &, and com-
pared to the growth rates of long cracks in an
SAE 1015 mild steel, Hammouda and Miller!v¥
have analysed such behaviour in terms of notch
plasticity theory, and argue that the total plastic
shear displacement, which is taken as the sum f
the shear displacement arising from (motch bulk
plasticity and from the local crack tip plastic zune
for LEFM controlled growth, determines the growth

./1
(PR ]
€
S

Apprived Duntunial stress day, o

23 Threshold stress for crack mitiation_ i.e,
unnotched fatigue limit Aog divided by k§ or
k. as function of #, (Ref 111)
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24 Propagation rate da dN of cracks emanating
from notches as function of maximum stress
intensity factor K a4 tn 0.15%C mild steel;
k; is theoretical elastic stress concentration
factor, R stress ratio, and R, edge strain
ratiol 19

kinetics of such short cracks, If the crack is
completely submerged in the notch tip plastic zone
isee Fig, 21), bulk plasticity conditions dominate
the behaviour. Hammouda and Miller estimate
that the growth rates of the short cracks will
decrease progressively until they arrest or merge
with the long crack LEFM curve, where behaviour
is dominated by local plasticity conditions within
the crack tip plastic zone (see Fig, 25), Several
continuum mechanics explanations have been
advanced for such observations of growth rates of
short cracks decreasing within the notch tip plastic
zone, These explanations have been based on the
total plastic shear displacement argcument (see
above), 102 on elastic—plastic analyses using the

J parameter and the @, concept,89 and on the idea
that the size of the reversed plastic zone is a
property of the material and is independent of
crack length.®* Such behaviour. however, is
difficult to comprehend, particularly since there
is a striking similarity between Figs. 25 and 14,
In Fig. 14 is shown the progressive deceleration
in short crack growth rates in the absence of a
notch, which has been attributed to the impedance
of growth at grain boundaries.?! Thus it must be
concluded that even though the precise mechanism
for the deceleration of short crack growth and the
formation of NPCs is unclear. factors such as notch
tip plasticity, microplasticitv, grain boundarv
blocking of slip bands, cessation of growth,
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25 Elastic—plastic and linear elastic characteriza-

tion of kinetics of crack growth for short
crack propagation from notch, as shown in
Fig. 21 (Ref, 109)

crystallographic reorientation, deflection at grain
boundaries, and crack closure mav all play a
significant role, In this regard it has been claimed
that, since small cracks are capable of propagating
below the long crack threshold AK value. they
may propagate for some distance until the com-
bination of their size and the local stress causes
them to arrest at or below the AR, value.®
Although this is a convenient explanation of the
behaviour shown in Figs. 14 and 25, the phvsical
mechanisms that have been suggested for such
behaviour do not follow from conventional elastic
or elastic—plastic notch analyses. However, recent
studies have suggested that the most general
explanation involves the phenomenon of fatigue
crack closure, and the variation of closure with
crack length,12.61 This is discussed in detail
below,

Environmental and closure effects

The third definition of a short crack 'see¢ the
introductory section), perhaps the most important
from a design viewpoint, is the crack which is long
compared to the scale of both the microstructure
and the local plasticity, yvet simply physically
small, i.e,typically less than 0,5-1 mm long,
Since both contimuum mechanics and LEFM
characterizations of the behaviour of such cracks
would be expected to be valid, it is perhaps
surprising to find that under certain
circumstances!!.18,49.54,60 eyen physically

short cracks grow faster than long cracks under

a nominally identical driving force (i.e.at the same
AAR), This is not at all consistent with the concept
of similitude, which forms the basis of fracture
mechanics analyses of subcritical crack growth,
and has been attributed primarily to two factors.’”

The first of these is connected with the
phenomenon of crack closure: interference and
phyvsical contact between mating fracture surfaces
in the wake of the crack tip can, under positive
loads during the fatigue cvcle, lead to effective
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26 Mechanisms of fatigue crack closure; AKqfy is effective stress intensity range, defined by K5«
where K| is stress intensity at which two fracture surfaces come into contact (K¢ = K

(Ref. 119)

closure of the crack. Since the crack cannot
propagate while it remains closed, the net effect

of closure is to reduce the nominal stress intensity
range AK, computed as Kyya3x — K from measure-
ments of applied load and crack length, to some
lower effective value AKg¢f actually experienced at
the crack tip, i.e. AKeff = Kmax — K], Where K¢
is the stress intensity at closure (>Kpjp).112
Several factors can lead to closure, such as the
constraint of surrounding elastic material on the
residual stretch in material elements previously
plastically strained at the tip (plasticity induced
closure),!12 the presence of corrosion debris
within the crack (oxide induced closure),113-116
and contact at discrete points between faceted or
rough fracture surfaces where significant inelastic
mode IT crack tip displacements are present
(roughness induced closure).l16-120 These
mechanisms of crack closure are illustrated
schematically in Fig, 26,

Plasticity induced closure, as first defined by
Elber!!? from compliance measurements on
fatigue cracks in aluminium alloys at high stress
intensity ranges, is generally considered to play a
dominant role under plane stress and is thus
presumed to be of less importance at near-threshold
levels where mostly plane strain conditions exist,
In the latter case, the main contributions to the
closure of fatigue cracks come from oxide deposits
within the crack and from premature contact
between the fracture surface asperities. Considera-
tion of simple geometric models have led Suresh,
Ritchie. and co-workers119-122 to propose the
following relationships for such closure:

(Kcl'Kmax)oxide = (4§ 3/7s8max¢o)¥2  (36)

(Kcl/Kmax)roughness = [27¢/(1 + 2yv) ]2 (37

where d, is the maximum thickness of the excess
oxide deposit located a distance 2s from the crack
tip, 8max 18 the maximum CTOD (mode I}, x is the
ratio of mode IT to mode I crack tip displacements,
€, is the yield strain (0y/E), » is a non-dimensional
roughness factor given by the ratio of the height

of a fracture surface asperity to its width, and 8

is a constant of numerical value ~1/32.

KCl»
min/

Extensive studies of the behaviour of long
cracks, particularly at near-threshold stress
intensity levels, have revealed that such closure
mechanisms determine to a large extent the
effects on crack growth of load ratio tid-"=.0-
vield strength !16.124.125 grain size 1:%.: -V
environment 114-116.121.122.125 3pnd variable
amplitude cycling,126-128 and even in the verv
existence of a threshold for no long crack
growth,116.121.125,129 However, such microscopic
closure mechanisms are also particularly relevant
to the behaviour of short cracks, simply because
their action predominates in the wake of the crack
tip. Since small cracks, by definition, have onlv a
limited wake, it is to be expected that the effect
of crack closure will be different for long and
short cracks — that the short crack is likely to be
less influenced by closure. Evidence that the
extent of crack closure is a function of crack size
has been reported by James and Morrisi8 for the
growth of short cracks in titanium alloys. By
monitoring the surface CTOD at zero load for
cracks from 50 to 500 um long (see Fig.27). these
authors concluded that for cracks less than
approximately 160 um long the extent of crack

C 10D (6),um
*
®

0 100 200 300 400 500
CRACK LENGTH -20)..m

27 Variation of CTOD & at zero load with length
of small surface cracks in 6A1-2Sn—4Zn—6Mo
titantam alloy (0, = 1140 MNm~2, primary
a grain size = 4 ym, B grain size = 12 um),
showing reduction in crack closure with
decreasing crack size48
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28 Variation of crack propagation rate with stress intensity ranges in JIM SM416, 0. 17%,C structural

mild steel, o, = 194 MNm~2 (Ref. 61)

closure, particularly that induced by roughness,
decreased with decreasing crack length, A further
influence of roughness-induced closure was found
by McCarver and Ritchie 80 who studied the
crystallographic growth of long and physically
short fatigue cracks in René 95 nickel-base
superalloy, Threshold AKyy, values for short
cracks (a~0.01—-0,20um) at low mean stresses
(R = 0.1) were found to be 60% smaller than for
long cracks (a~25 mm), yet at high mean stresses
(R = 0.7) where closure effects were minimal,
this difference was not apparent. More recently,
Tanaka and Nakai®! have used compliance
techniques to measure the extent of crack closure
for small cracks emanating from notches in a low
carbon steel and found a marked reduction in
closure at short crack lengths, These authors
claimed that the anomalous (sub-threshold)
behaviour of short cracks (as shown in Figs. 14

and 25) could be brought into direct correspondence

with conventional long crack data (see the next
section) by analysing it in terms of AKg¢¢ (see
Fig.28). Thus, at equivalent nominal AK levels,
physically short cracks may be expected to pro-
pagate faster (and show lower thresholds) than
corresponding long cracks simply because closure
produces a smaller increase in effective stress
intensity range at the crack tip in long cracks.
Specific mechanisms for this effect are discussed
in more detail in the next section,

Chemical and electrochemical effects can
also increase the growth rate of small cracks,
and this is particularly relevant to the growth of
physically short cracks in aggressive
environments,11.53,34.57,130 Experiments by
Gangloff11.54 on high strength AIST 4130 steels
tested in NaCl solution revealed the corrosion
fatigue crack propagation rates of short cracks
(0.1-0,8 mm) to be up to two orders of magnitude
faster than corresponding rates for long cracks
(2560 mm) at the same AK level, although the
behaviour in fnert atmospheres was essentially

International Metals Retviews, 1984, Vol 29, No 6

similar (see Fig.29), This phenomenon is not com-
pletely understood, but preliminary analyses have
indicated that the effect could be attributable to
differences in the local crack tip environment of
long and short cracks, resulting mainly from the
different electrochemically active surface-to-
volume ratios of the cracks and from the influence
of crack length on the solution renewal rate in the
crack tip region,11.54.57
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29 Fatigue crack propagation rate da/dV as
function of AK for long (@ ~ 50 mm) and
physically short (a = 0.1-0.8 mmj cracks in
AIST 4130 steel, 0, = 1300 MNm~2, tested in
moist air and in aqueous 3% NaCl solution 33
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DISCUSSION

From the above review of experimental results, it
is apparent that short fatigue cracks may present
difficulties in faticue design simply because their
erowth behaviour cannot be predicted with
certainty by using the analvses and methodologies
developed for long cracks, for example by making
use of LEFM results, It is also apparent that the
use f these procedures can lead to overestimates
of the lifetimes of components containing short
cracks because, under the same nominal driving
force, a short crack invariably propagates more
quickly than a corresponding long crack. This
problem, of ‘lack of similitude’, arises for a
number of reasons, including:

(i) inappropriate fracture mechanics charac-
terization of the crack driving force for short
cracks subjected to near-tip and notch field
plasticity effects

“ii+ local microstructural features which do not
substantiallv alter the crowth of larcge cracks.
but can interact strongly with small cracks
because thev are of comparable size

(i lack of similitude associated with crack
extension mechanisms

tivr crack closure effects

v) differences in the local crack tip environments,

Each f these factors is now examined in turn,

Questions on the inappropriate use of LEFM to
characterize the extension of short cracks have
been central to the short crack problem (see e.qa.
Refs, 7 10.12.131, 132), In fact. it has often been
cloimed that the short crack problem arises simply
when LEFM analvses become invalid.!3! although
it is now clear that this is an oversimplification,
Conventional LEFM approaches can be inappro-
priate for short eracks, even under nominally
elastic conditions, since the use of the linear
elastic sinvularity to characterize the local
stresses on the basis of K| (i.e.equation (3))
irvariably involves neulecting all terms of order
hicher than »~ %% (Ref.133 and 134), However,
when ¢ ~ ry such hicher order terms can have an
appreciable effect and therefore should be con-
sidered when comparing the behaviour of long and
short cracks, ' 3131 It is also well recognized
that »me of the main reasons for the breakdown in
LEFM aralve s for short cracks is the presence
oA excessive plasticitv over distances comparable
with the erack <ize in the vicinity of the crack tip.
This pr blem has been partly resolved by the use
{0 lastie plastic fracture mechanics in methods
bhasod m the J-inteural or on the crack tip openine
dispiacement. as evidenced by the results obtained
by Do line ' and shown in Fig, 20, It is now
apparent that differences in the behaviour of long
and short cracks as revealed by early studies can
be traced to the faet that crowth rates were com-
pared at equivalent MK values, and that the use of
this LEFM parameter did not provide an adequate
characterization of the stress and strain fields
at the tip of short cracks, where o ~ Yy However,
for short cracks emanating from notches, where
initial crowth occurs within the plastic zone of the
noteh s Fig, 2D a eontinuum mechanics des-
eription of the behaviour is less clear, Certainly
there is experimental evidence that such short
cracks can propagate belw the long erack

- «

-

threshold at progressively decreasing urowth
rates (sco Fig, 25), and can even arrest 1o form
non-propagating cracks, 1057110 byt such behavi ur
can also occur in the absence of a notch and can

be attributed to microstructural factors (sce Fio,
14).71 Certainly no linear elastic analvsis of a
short crack emanating from a notch (scc e.r. Rets
21,100) has shown that the crack drivine forcee
(e.a. Ky) passes through a minimum as the cracx
begins to extend from the notch, and to the prescn:
authors’ Knowledge there is no formal elastic
plastic analysis available which predicts a similar
variation in crack driving force without havine
incorporate crack closure effects 1254135
Although there is no complete continuum
mechanics analysis, it can be concluded that the
anomalous growth rate of short cracks emanating
from notches may result in part from the inter-
action of the short crack with microstructural
features, and principally from crack closure,

With respect to microstructural features it is
generally accepted that the presence of microseapic
discontinuities, such as grain boundaries, hard
second phases, or inclusions, plavs a somewi
minimal role in influencing the growth of 1.ne
faticue cracks® (at least for crowth rates bel a
~1073 mm/cycle) because the hehaviour is
cgoverned primarily by averace bulk properties :
However, it is clear that this is not the case for
small cracks whose length is comparable to the
size of microstructural features. For example,
for small cracks contained within a sincle arain,
cyvelic slip will be strongly influenced by the
crystal orientation and the proximity of the crain
boundary. resulting in locally non-linear crack
extension.?9.71771 There is now a larce body i
evidence showing that the growth of small cracks
is impeded by the presence of grain boundaries
(scc e.g, Fig,30) by such mechanisms as the block-
ing of slip bands? or containment of the plastic
zone!? within the grain, reorientation and re-
initiation of the crack as it traverses the
boundary.!2-7! and simple cessation of arowth at
the boundary.!® Crack propacation has also been
found to be halted by harder second phases: in
duplex ferritic ‘martensitic steels, small cracks

30 Changes in direction of crack advance when
crack tip encounters grain boundaries in
7075 T6 aluminium alloy?!
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were observed to initiate and grow in the softer
ferrite, only to arrest when thev encountered the
harder martensite,!136 Many of these effects can be
explained by considering the mechanics of crack
deflection,

Based on the theoretical analyses by Bilby
et @l 137 and Cotterell and Rice,138 recent studies
by Suresh8! have shown that alternatives to
previnus interpretations of the way in which a
crack tip interacts with a grain boundary can be
developed by considering the effect of crack
deflection on the propagation of short fatigue
cracks, For a short crack, the low restraint on
cvelic slip promotes a predominantly crystal-
lographic mode of failure, When a crack tip
reaches a grain boundary, it tends to reorient
itself in the adjacent grain to advance by the
single shear mechanism, and can be considerably
deflected by the grain boundary. This phenomenon
is illustrated schematically in Fig,31. The extent
of deflection at the grain boundary is a function
of the relative orientations of the most favourable
slip systems in the adjoining crystals., For an
elastic crack initially inclined at an angle - to
the mode I growth plane and deflected at the first
grain boundarv through an angle »; (~cc Fig.31).
approximate estimates of the local stress intensity
factors yield the relation8!

K /K = cos?+ cos3(} )
~ 3 sing cosry sin(}) cosZ(}4;)
B k1)
K,/K, = cos?y sin(} ) cos2(}v,)

— sint, cosyy cos(3 v, )1 — 3sin2(}v;)]

. . . . . (39)
1 Iy
Pmax P——— Pmax|_ — -
pl'l'\ll‘\ Pc|
L I
Time,t Time,t

« propagation into first grain; ) propagation
across grain boundary

31 Growth and deflection of microstructurally
short fatigue crack and the resultant crack
tip displacements and closure; 8, i8 short
crack initiation angle and 6, angle of
deflection at first grain boundary5!
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Here.K, and K, are the near-tip mode T and mnde
IT stress intensity factors, respectively. immediately
following deflection at the ¢rain boundary, whereas
K, is the nominal mode T (far-field) value, For a
typical short crack emanating from the surface at
an angle of +; = 45" and deflected at the urain
boundary by -, 3 90°, equations (38) and (39) vield
K, = 0,7K, and K, > 0.35K,, The effective drivin:
force for coplanar growth can thei be approximated
as the square root of the sum of the squares of

K, and K, such that AKeff = 0. 783K . Thus con-
sideration of crack deflection processes alone can
account for a significant reduction in driving force
as a crack tip interacts with a grain boundary
when the wav in which a short crack advances is
characterized by LEFM. It has been postulated®!
that if the extent of deflection at the grain boundarv
is large, the effective cyclic stresses may be
reduced to a value smaller than the true threshold
for short crack advance (e.g, to the faticue endur-
ance limit) such that complete crack arrest will
result (denoted by curve A in Fig.32). If the
effective cyclic stresses after deflection are above
such threshold values, there would be no crack
arrest (as denoted by curve B in Fic.32) and onlv
a temporary deceleration in growth rate. Althouch
the numerical predictions of the deflection mdels
can be subject to considerable uncertainties when
used to characterize the mechanics of short cracks
in metals and alloys, the mechanisms underlvinu
crack deflection processes have been shown to
provide a physically meaningful explanation not
only for the role of microstructure in influencing
short crack advance, but also for several fativue
characteristics of long cracks under corstants!

and variable amplitude8!.126-128 loading,

In addition to causing a reduction in the
effective driving force, crack deflection mecha-
nisms could play a major role in enhancing
closure,81.120 For example. the irreversibility of

Microstructurally

short cracks I
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32 Variation of fatigue crack growth rate de dv
with AK for both long and microstructurally
short fatigue cracks; note how growth rates
for short cracks decrease progressively below
long crack threshold aK, before arresting or
merging with long crack data
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slip steps and surface oxidation can lead to non-
uniform tensile opening and shear displacements
of short cracks.12.81 Given the presence of
serrated fracture surfaces and mode II crack tip
displacements occurring after deflection, such
non-uniformities in crack opening and sliding
result in premature contact between asperities,
leading to roughness induced closure (sce Figs, 26
and 31). (An ideally elastic crack may not result
in any roughness induced closure, irrespective of
the extent of deflection.) Experimental measure-
ments of crack closure made by Morris and
co-workersi7-19 do indeed show that even short
cracks (spanning only a few grain diameters) can
close above the minimum load of the fatigue
cycle (see Fig.27).

A further factor which may contribute to
differences in the behaviour of long and short
cracks is the question of crack shape.!® Even long
cracks, running across many grains, are known to
possess certain irregularities in their geometry
(on a microscopic scale) that result from local
interactions with microstructural features, !0 yet,
at a given AK, the overall growth behaviour would
be expected to be similar. However, on comparing
a large crack with a small one this similarity
would seem questionable. Moreover, the early
stages of fatigue damage often involve the initiation
of several small cracks, the subsequent growth of
any of which is likely to be strongly influenced by
the presence of the others 37740

Differences in the behaviour of long and short
cracks may also result from the fact that, at the
same nominal AK, the crack extension mechanisms
may be radically different. As pointed out by
Schijve,19 the restraint of the elastic surrounding
on a small crack near a free surface is very
different from that experienced at the tip of a long
crack inside the material. For a small, grain
sized crack, cyclic slip along the system with the
highest critical resonlved shear stress results in
mixed mode IT and mode I slip band cracking akin
to Forsyth's stage I mechanism.!3? However, for
a long crack, spanning many grains, maintaining
such slip band cracking in a single direction in
each grain is incompatible with maintaining a
coherent crack front, The resulting increased
restraint on cyclic plasticity will tend to activate
further slip systems, leading to a non-crystallo-
graphic mode of crack advance by alternating or
simultaneous shear, commonly referred to as
striation growth (Forsyth's stage I1).139 At near-
threshold levels where the extent of local plasticity
can be small ennugh to be contained within a single
grain, even long cracks may propagate via the
single shear mechanism. the orientation of the slip
band cracking changing at each grain boundary and
leading to a faceted or zigzag crack path morpho-
logy (see Fig,33),117-120

The occurrence of this shear mode of crack
extension, with the related development of a faceted
fracture surface, has a major influence on the
magnitude of crack closure effects, }16-120 which
may in turn lead to differences in the behaviour
of long and short cracks (~ee Figs, 26 and 315,

The differences in fatigue characteristics
resulting from crack closure arise from two
main sources, First, since closure results from

the constraint of surrounding elastic material on
the plastic region surrounding the crack, the
amount of closure experienced by a small crack
at high stress amplitudes in a fully plastic speci-
men would be far less than that experienced by a
larger crack at lower stress amplitudes in an
elastic—plas .. or nominally elastic specimen at
the same (nominal) driving force. However, more
importantly, differences between the effect of
closure on long and short cracks result from the
fact that such closure effects predominate in the
wake of the crack tip. Since short cracks — by
definition — possess a limited wake, it is to be
expected that in general such cracks will be
subjected to less closure, Thus, at the same
nominal driving force, short cracks may experience
a larger effective value than will the equivalent
long crack. As outlined in the previous section,
this can arise in two wavs. In the first, with
respect to plasticity induced closure, plastic
deformation in the wake of the crack has to build
up before it can be effective in reducing 2hg¢g
(Ref.112), From analogous studies of the role of
dilatant inelasticity (inelasticity resulting from
phase transformations)on reducing the effective
stress intensity at the crack tip in ceramics, 'Y
it has been found that the full effect of this closure
is felt only when the transformed zone extends
into the wake of the crack by a distance uf five
times its forward extent. Although no comparable
analysis has been carried out for plastic deforma-
tion in metals, it is to be expected that the role of
the compressive stresses in the plastic zone
encompassing the wake of the crack would be
limited for small cracks of a length comparable
to the forward extent of this zone (i.e.for ¢ ~ »r¢ i,
Tt is believed2.64.133 that this is one of the main
reasons (at least from the perspective of continuum
mechanics) for non-propagating cracks and also
explains why microstructurally short cracks and
cracks emanating from notches can propagate
below the long crack threshold ak' (sce Figs. 14
and 25). Essentially, they can initiate and crow at
nominal stress intensities below AR, because of
the absence of closure effects but, as they increase
in length, the build-up of permanent residual
plastic strains in their wake means that crack
closure begins to have the effect of progressively
decreasing the effective AR experienced at the
crack tip, resulting in a progressive reduction in
crack growth rate and sometimes complete arrest,

This notion, by which the anomalous behaviour
of short cracks helow the long crack threshold
regime and in the strain field of notches («ce e,
Fig. 1) is related primarily to a decrease in crack
closure effects at small crack sizes 12.51.135 hag
recently been substantiated bv both numerical!#3
and experimentalt? studies, Newman!33 has
demonstrated that by incorporating plasticity
induced closure in {inite element computational
models of fatigue crack propagation, the progres-
sively decreasing growth rates of short cracks
emanating from notches could be predicted and
shown to be in good agreement with experimental
data on lower strength steel ‘~ee Fig, 34), Tanaka
and Nakai® ! monitored the crowth of similar short
cracks in notched specimens of low strength ste:}
at hoth R 0 and 0.4 while simultaneously measur-
ing the extent of crack closure, Their data, which
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Flow Band

Craock Tip

(a)

—crrit |

Flow
Crack Bands

(b)

Ferrite "5

- L 4

a,c,e near threshold, ry < dg, stage I, mixed modes I and II; b, d, f higher growth rates, r . dg,
stage 1, mode I; ¢, d, fractographs of nickel-plated 1018 steel;118 ¢ 1 sections of 7075 T6 aluminium

alloy 10

33 Crack opening profiles and morphologies of long fatigue cracks120

show the characteristic decreasing growth rate
for short cracks when plotted in the usual way

(in terms of a nominal AK), can be seen to coincide
with the long crack data and to fall on a single
smooth curve when reanalysed in terms of AKgagg
incorporating the experimental Ko} measurements
(see Fig,28).

A similar situation can arise from the effect
of roughness induced crack closure promoted by
rough, irregular fracture surfaces, particularly if
the crack extension mechanism involves a strong
single shear (mixed mode 1T and mode 1)
component,!18-120 Since a crack of zero length
can have no fracture surface and hence cannot
undergo roughness induced closure, the develop-
ment of such closure {s expected to be a strong
function of crack size,17-49,120,133 35 demon-
strated by the experimental data obtained by James
and Morrist8 and shown ir Fig.27. An estimate

International Metals Reviews, 1984, Vol.29,No. 6

of the lower bound to the size of transition crack
below which roughness induced closure is ineffec-
tive (at near-threshold levels) can be appreciated
from Figs.31 and 33 (Ref,120). A long crack
which encompasses several grains will, at near-
threshold levels, have developed a faceted morpho-
logy and, as a result of the incompatibility between
mating crack surfaces arising from the mode T
crack tip displacements, will undergo roughness
induced closure in the manner depicted in Fig.Zd.
The short crack, however, will not undergo such
closure while its length remains less than a grain
diameter since it will not have changed direction
at a grain boundary, and accordingly will not have
formed a faceted morphology, despite extension via
the same single shear mechanism.

In general, since most of the results that show
differences between the growth rates of long and
short cracks have been obtained at low stress
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T T —}
1073 Low Strength _
CSA Low Strength G40.11 Steel
g = 510 MNmi2
R =~
Centre crack tension A
o 109 a=04to2mmy-._ 2 Baseline data
] - Single edge crack tension B
g (long crack. a > 2 mm)
Eﬁ
Z
°
3 Centre crack tension
1075 (a=0-35t0 1 2 mm) .
|
|
|
|
1076 |
50 100
8K, MNm'2

34 Comparison of experimental results and numerical predictions of crack propagation rates for small
cracks in centre cracked tensile specimens of CSA G40. 11 low strength structural steel o, =

510 MNm~2, subjected to high stress levelsl35

intensity ranges, and fatigue-crack propagation of
long cracks in this near-threshold regime is
known to be strongly influenced by crack closure
effects, it seems most likely that the main reason
for the faster growth of short cracks and the fact
that they can propagate below the long crack
threshold aK, is associated with the role of
closure decreasing with crack size. Results
obtained by Potter and Yeel4! on the behaviour of
short cracks under variable amplitude loading are
consistent with this notion, since the crack growth
transients (i.e.accelerations and retardations)
normally observed following overloads and
spectrum loading sequences, which have been
attributed — at least in part — to closure mecha-
nisms (see e.g.Ref, 112), were largely absent for
short cracks, In this regard it is useful to com-
pare data for short and long cracks at high load
ratios, since closure effects are then minimal
even for long cracks. This has been done for
crystallographic near-threshold fatigue in nickel-
base alloys,60 and the threshold for short cracks,
despite being 60% smaller than the long crack
threshold at R = 0.1, was approximately equal to
the long crack threshold at R = 0. 7.

Finally, large differences in the behaviour of
long and short cracks can arise at stress inten-
sities well outside the threshold regime, because
of environmental factors,11,54,130 Ag shown in
Fig. 29, the results obtained by Gangloff!!,54 have
demonstrated that corrosion fatigue crack growth
rates of physically short cracks in AISI 4130 steel
tested in aqueous NaCl solution can be one to two
orders of magnitude faster than the corresponding
growth rates of long cracks at the same aK value,
This unique environmentally assisted propagation of
short cracks was attributed to differing local crack

5o -

: o'! l ) LN 0' 4 o SNV, O‘l.- e, ‘ o 050 50N

tip environments as a function of crack size.
Specifically, Gangloff argued that the local concen-
tration of the embrittling species within the crack
depends on the surface-to-volume ratio of the
crack, on the diffusive and convective transport of
the embrittling medium to the crack tip, and on
the distribution and coverage of active sites for
electrochemical reaction, all processes sensitive
to crack depth, opening displacement, and crack
surface morphology.54.57 Analogous, yet less
spectacular, environmental crack size effects may
alsc arise in gaseous environments or in the
presence of internally charged hydrogen where,
for example, the presence of hydrogen may induce
an intergranular fracture mode. The rough crack
surfaces that tend to be produced by this failure
mechanism would lead to roughness induced
closure, which again directly influences the long
crack phenomenon of a reduced AKgff (sce €.,
Ref.142).

These differences in the behaviour of fatigue
cracks of different size provide clear examples of
how the fracture mechanics similitude concept can
break down. The stress intensity. althaugh
adequately characterizing the mechanical driving
force for crack extension, can account for neither
the chemical activity of the crack tip environment
nor the local interaction of the crack with micro-
structural features. Since these factors, together
with the development of crack closure, are a
strong function of crack size, it is actually
unreasonable to expect the growth behaviour of
long and short cracks to be identical. Thus, in the
ahsence of the similitude relationship, the analysis
and utilization of laboratory fatigue-crack propaca-
tion data to predict the performance of in-service
components in which short cracks are present
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becomes an extremely complex task: a task which
demands an immediate and major effort from both
researchers and practising engineers alike,

CONCLUDING REMARKS

The problem of short cracks must be recognized
as one of the most impertant and challenging topics
currently faced bv researchers in fatisue, Not
only is it a comparatively unexplored area
academically, but it also raises doubts about the
universal application to the characterization of
sub-critical flaw growth of fracture mechanics.
the misuse of which can result in overestimates
of defect-tolerant lifetimes, It is an area that.
represents an interface between the fracture
mechanics methodologies dealing specifically with
the macroscopic growth of faticue cracks and the
classical engineering mechanics methodologies
dealing with total life and engineering concepts of
tmacro-) crack initiation (as depicted in Fig. 1).
As discussed in the introductory section, the last
process, of macrocrack initiation, is simply the
erowth of short cracks imicrocracks). The pro~
cess of the initiation of short cracks (microcrack
initiation) has not been treated explicity in this
paper as it has been the subject of several

recent reviews (scc e.g. Refs, 7, 143, 144), Suffice
it to say that such small cracks tend to initiate at
constituent particles (i.e. inclusions and inter-
metallics, as shown in Fig,.9) in commercial
materials (sce e,g, Refs, 39, 41, 145), whereas in
pure metals and alloys their initiation is often
associated with emerging planar slip bands
called persistent slip bands (PSBs) (see e.g.

Ref. 143, 144, 146, 147), In fcc metals, such small
cracks appear to initiate via a crvstallographic
stave I mechanism along the PSB. as shown in
Fiz, 35 (Ref. 148), although the specific mechanisms
of initiation and their relation to the PSBs vary
markedlv from material to material.! i}

In the present paper an attempt has be:n
made to provide a critical overview of recent
experimental studies on the growth of small
fatigue cracks, and specifically te rutline the
mechanical. metallurgical. and environmental
reasons, as to why the behaviour of such cracis
should differ from the behaviour of lone cracks,
The intention has not been to present a formual
analysis of each of these factors, since in moier
cases such an analysis is simply not pussible, bur
rather to give a thorough review of the manv
interdisciplinary factors which may be relevan:
to the short crack problem, Tt has been conclud d
that differences in the behaviour of short and i nz
cracks are to be expected, and that such differ-
ences can arise from a number of distinct
phenomena:

(i' inadequate characterization of the mechanics
of crack tip stress and deformation ficlds t
short cracks, including the neclect f hicher
order terms for the elastic sincularity and
the presence of extensive local crack tip
plasticity

(ii) notch tip stress and deformation ficld . o=

(for cracks emanating from notches.

the interaction. including deflection, -t <h

cracks with microstructural features such 1=

grain boundaries, inclusions, and second pnase <,
of dimensions comparable in size with the
crack length

(iv) differences in crack shape and zeometry

(v) differences in crack extension mechanism

(vi) the effect of crack closure varving with cracs
length

(vii) differences in the local crack tip envir wments,

(iii

Each of these factors represents a formidabl.
challenge in fatigue research because of the ¢ m-
plex nature of both experimental and the retical
studies, yet they are of great importance t an
understanding of the anomalous behaviour of shor:
flaws. This problem will undoubtedly come 1o

35 Transmission electron micrograph of stage I small cracks propagating within persistent slip banrds,
showing ladder-like dislocation substructures in fatigued, polvcrystalline, high purity copper. Insets
show corresponding optical micrograph of cracks and electron diffraction patternt48
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assume even greater significance in the future
since, with improvements in the science and
practice of non-destructive testing, the projected
lifetime of a fatigue flaw in the shart crack regime
will become an increasingly larger proportion of
the total life.
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I thoroughly enjoyed this well written book, It is
pitched at a relatively advanced level, so that the
reader must have had some previous introduction
to fracture mechanics and to metallurgy, But it is
most refreshing to have a short account of metal
fatigue based on such a wealth of practical experi-
ence, and from the standpoint of a mechanical
engineer,

The book is not at all comprehensive: it is
based largely on work at the National Engineering
Laboratory, East Kilbride, and is very much con-
cerned with the framework of fracture mechanics
which treats the growth of cracks larger than the
grain size. There is no mention of the Coffin—
Manson 'law' and only a few sentences on the
J-integral, so transatlantic readers may be dis-
appointed, The process of crack nucleation by
plastic flow in smooth specimens is scarcely
mentioned, The book is really a welcome distil-
lation of the earlier, much longer book by the
NEL team of Frost, Marsh, and Pook.

vt national Metais Ret lens, 1984, Vol 29, No 6
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Winter: Philos. Mag., 1976, 34, 549,
148, K.Katagiri ef al.: Metall Trans., 1977, BA,
1769,

T 1984 The Metals Society and the American Society for Metals

Am I right in thinking that with the wide
acceptance of the framework of fracture mechanics
the next step is to incorporate into the design of
structures features which will make the monitoring
of cracks easier or even perhaps automatic, such
as built-in ultrasonic transducers? This vision of
design philosophy is hinted at in various places in
the book, and is a current topic of discussion among
workers in the field. If it comes about, it will be
a spectacular vindication of the scientific view of
fatigue as the cycle-by-cycle growth of a crack.

In the final chapter. Dr Pook suggests that the
next step in understanding fatigue is likely to
emerge from a fresh look at fatigue behaviour on
an atomic or near-atomic scale. One cannot but
agree, It is now up to those working in the area of
crack nucleation and persistent slip to produce as
readable a short account of their work as Dr Pook
has produced of his, to demonstrate to mechanical
engineers and designers that considerable under-
standing at this level has in fact emerged from
recent work, I am certain that every scientist
concerned with the phenomenon of fatigue will
appreciate Dr Pook's exposition of his point of view,

L. M. BROWN
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ENVIRONMENTAL EFFECTS NOVEL TO THE PROPAGATION
OF SHORT FATIGUE CRACKS

R. P. Gangloff
Exxon Research and Engineering Co., Annandale, NJ 08801, U.S.A.
R. 0. Ritchie
University of California, Berkeley, CA 94720, U.S.A.

ABSTRACT

Crack size and opening morphology dominate
the mechanical and chemical driving forces for
fatigue propagation in embrittling environments.
Similitude based on a crack tip field parameter is
compromised, particularly for small cracks (< 5 mm)
which grow up to several orders of magnitude faster
than projected and below apparent threshold
conditions. Environment sensitive mechanical and
chemical mechanisms which govern the growth of small
cracks are reviewed. For the former the retarding
effect of crack closure; originating from wake
plasticity, surface roughness, deflection, corrosion
debris or fluid pressure; increases with increasing
crack size particularly within the near threshold
regime. Data for high strength steel in Hp L
demonstrate the importance of such mechanisms, \
however, precise models of crack size dependencies
and systematic closure measurements are lacking.
Considering the chemical driving force, the
embrittling activity of the occluded crack differs 3
from that of the bulk environment, and is geometry
dependent. The deleterious influence of small crack
size is demonstrated experimentally for steels in
aqueous chloride solutions, and related
quantitatively to crack opening shape and size
effects on diffusion, convective mixing and
electrochemical reaction. Small crack size promotes )
hydrogen embrittlement due to enhanced hydrolytic
acidification and reduced oxygen inhibition.
Chemical crack size effects are material and
environment specific; criteria defining limiting
crack sizes and opening shapes for K or J-based
similitude do not exist.
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1. INTRODUCTION

Fracture mechanics analyses of subcritical crack
propagation are based on the fundamental notion that a
characterizing parameter such as stress intensity (K) or the J
integral describes remote loading and geometry effects on crack tip
stress and strain distributions, and hence the kinetics of slow
growth.(1-3) By similitude, cracks extend at equal rates when
subjected to equal mechanical driving forces. Fracture mechanics
scaling of laboratory data to predict component life is established,
only in part, for fatigue and statically loaded cracks in benign and
embrittling environments.(4-8) Recent investigations indicate that
stress intensity-based similitude must be modified to account for
plasticity,(9) crack motion,(10) closure,(11) deflection,(12) crack
size,(13) and environment.(14)

Extensive data demonstrate that short cracks grow faster
than projected and below apparent threshold conditions compared to
long crack (25-50 mm) kinetics at constant stress
intensity.(11,13,15-30) Typically for benign environments, the
limiting crack size for deviations from K-based similitude increases
from 10 un for high strength alloys to about 1 mm for low strength
mater;a]s, as reviewed from a mechanical perspective.(11,13,15-
17,31

In active environments rates of fatigue crack propagation
are controlled by interrelated mechanical and chemical driving
forces.(32,33) Critically, each driving force is crack size, shape
and applied stress sensitive. The theses of this review are that
small crack size influences uniquely the mass transport and reaction
components of the chemical driving force, and that environmental
modifications of the mechanical driving force are novel within the
short crack regime. Mechanical and chemical factors which lead to
breakdowns in similitude for small fatigue cracks, and which are
traceable to environmental effects, are characterized separately.

Data establish the importance and complexity of small
crack-embrittling environment interactions. Threshold stress versus
crack size results in Fig. 1 indicate threshold stress intensity
range (&,) control for long cracks, and constant stress ¢i'
endurance limit control for very short cracks in 13Cr steel at two
stress ratios (R).(20) While similar size dependencies are observed
for motst air and liquid water, crack growth deviates from &K,
control at larger limiting crack sizes for the later environment.
Embrittlement, evidenced by reduced stress, is promoted for
decreased crack size and lower R. Geometry sensitive chemical and
mechanical closure effects contribute to the trends depicted in Fig.
1. The potential for small crack chemical contributions to
corrosion fatigue, independent of mechanical effects, is illustrated
in Fig. 2.(21,24) Cracking in vacuum and moist air is defined

T S T N E TR .
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FIG. 1. Variation of fatigue
threshold stress with crack
length for cast 13Cr steel in
air and water at two stress
ratios. Note AKO control for
long cracks and endurance
stress control for short
cracks. After Usami and Shida
(1979).
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uniquely by AK, independent of crack size and applied stress. In

contrast small cracks in aqueous NaCl grow up to 300 times faster ;
than long cracks at constant AK. A multiplicity of da/dN-aK )
relations is observed; chemical embrittlement is enhanced for

decreased crack size or reduced stress, and correlates with crack

opening shape.(14) Data in Fig. 3 demonstrate the role of crack

closure independent of chemical effects.(34-38) Based on long crack
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FIG. 2. Crack growth rate
versus stress intensity range
data for variably sized
cracks in high strength (1330
MPa) 4130 steel. Note the
accelerated growth of
physically short cracks only
in aqueous NaCl, and the
stress dependence of small
crack corrosion fatigue (ac
values are listed for surface
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FIG. 3. Influence af load ratio and environment on fatigue
propagation of long (~ 50 mm) cracks in low strength bainitic
2 1/4Cr-1Mo steel (o, = 500 MPa) in moist air, dry helium and
hydrogen gases at R = 0.05 and 0.75. Note the contrasting
effect of environment at near-threshold and higher growth
rates. After Suresh and Ritchie (1982).

measurements and applied stress intensity, hydrogen embrittlement
predominates for high AK low frequency conditions, whereas closure
dominates crack growth at high frequencies in the near-threshold
regime. Reduced rates of growth correlate with low R and moist
environments which promote corrosion debris and crack surface
contact. Faster growth rates are observed for high R and
environments such as He and Hp which maintain clean crack surfaces.

Environment-assisted growth of small fatigue cracks;
nucleated from corrosion pits, weld defects, scratches, porosity or
inclusions; is an important failure mode often dominating total
life.(39-44) In an example of a pipeline carrying H,S contaminated
0il1,(39) 85% of an 87 year (predicted) fatigue life is associated
with the growth of a 0.5 mm starting flaw to 1.0 mm. Accelerated
short crack growth (e.g., Fig. 2) could reduce total life by 50 to
100 fold. To date, however, most life prediction analyses have
scaled long crack data, without accounting for short crack-
environment interactions.(45,46)

2. SMALL CRACK-ENVIRONMENT INTERACTIONS:
MECHANICAL DRIVING FORCE

2.1 CONCEPT

Of the factors contributing to crack size similftude
problems through effects on the mechanical driving force, local
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plasticity, crack deflection and crack closure are of major
importance as illustrated in Fig. 4.(11,13,15-20) Each of these
processes can be modified strongly by an embrittling environment,
for example through the role of adsorbed hydrogen in affecting
dislocation behavior, or the enhancement of crack closure through
crack surface corrosion products or roughness. We examine the
influence of environment on the processes affecting the mechanical
driving force, and highlight effects unique to small cracks.

2.2 ACTIVE CRACK TIP PLASTICITY

A primary reason for crack size effects is the
inappropriate characterization of crack tip fields. Inaccuracies
result from the use of linear elastic fracture mechanics to describe
crack growth behavior in the presence of extensive local plasticity,
i.e., where crack length (a) is comparable with the extent of he
active plastic zone ahead of the crack tip, Fy ~ (1/2n)(Kq /95)%s
where the crack is embedded within the strain” field of a notch (F1g.
4a), Plasticity effects may dominate at frack sizes below a
limiting length g, given by 1/=(aK,/Ac,)¢, where &K, is the long
crack threshold and Agg 1s the smoogh bar fatlgue limit. (25,47)

The extent of local plasticity is often influenced by
environment.(48) There is clear experimental evidence that
dissolved hydrogen can affect the flow stress of materials.(48,49)
In high purity iron softening is observed at temperatures above 200
K, whereas hardening is seen at lower temperatures. In steels

/“""mm Corrosion Debns
[t =1y

a) Crack Tip Ptasticity d)
Wake of Plastic Z lndueod Clo-um

-~

—

b} Wake of Plastic Zones s) Roughness-induced
Closure

(Moving Crack)
"“\,"2 Fiud
o © -
l—q)
¢) Crack Deflection 0 Flud Pressure-induced
Closure

FIG., 4. Schematic illustrations of mechanisms for breakdowns in
similitude relevant to small fatigue cracks in embrittling
environments.
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conversely, softening has been associated with single slip
deformation and hardening with multiple slip, and the environmental
influence declines with increasing alloy strength. The mechanisms
for hydrogen effects on plasticity are imprecise.(48) Hydrogen
segregation to dislocation cores enhances double kink nucleation on
screw dislocations which facilitates movement. (The effect on edge
dislocations may be exactly the reverse.) Softening may also result
from the formation of voids induced by high fugacity hydrogen (i.e.,
during charging). Hardening is related to hydrogen atmospheres on
dislocations or increased, hydrogen-stabilized vacancy )
concentrations, factors which may impede dislocation motion.

With respect to fatigue crack growth, in situ measurements
in 7075-T651 aluminum alloys indicate decreased crack tip
plasticity, in the form of reduced crack tip fracture strains, in
water vapor compared to dry nitrogen and due to the embrittling
effect of hydrogen.(50) Conversely, recent studies of aluminum show
fatigue cracks to remain sharp when exposed to inert atmospheres,
due to a Mode II + I opening, yet to become blunt in moist air where
purely Mode I opening occurs.(28) The contributions of crack tip
shape, closure, deflection and chemical embrittlement are not fully
understood.

While a fundamental mechanism for environment-crack tip
deformation interactions is not available, it is clear that
environmental effects on plasticity and crack opening morphologies
are crucial for the small crack regime.(28) To alleviate the
problem of local plasticity, the use of non-linear elastic fracture
mechanics, specifically involving the AJ parameter, has been
suggested. (9,17,25) Data for short surface cracks in elastic-
plastic low cycle fatigue samples correlated with conventional long
crack results, through the use of aJ in place of aK as the
generalized crack driving force.(12,25) In balance, however, this
approach is imprecise for small cracks in elastically loaded
material. The use of J is questionable for crack growth, since it
is strictly defined for monotonic, increasing, proportional
loading.(2,3) Environmental effects on material flow properties
must be defined, and the resultant influence on small crack driving
force quantified.

2.3 CRACK TIP WAKE PLASTICITY

In addition to active plasticity ahead of the crack, it is \
necessary to consider the enclave of prior plastic zone left behind
the crack tip, particularly when crack size approaches the scale of
local plasticity (Fig. 4b). Recent asymptotic analyses of '
monotonically loaded, Mode I non-stationary cracks indicate that the '
crack tip strain singularity weakens as the crack moves.(10)
Specifically in the limit as r » 0, the plastic strain distribution,

Yp(r), is given in terms of an effective plastic zone size (ry).
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Poisson's ratio (v) and constant (m) as:

1.88(2 - v)o r'
_m dJ 0
e d T (1)

Thus, due to wake plasticity behind the growing crack, crack tip
strains decay as an(l/r), rather than as 1//r or 1/r for a
stationary crack in a linear elastic or perfectly plastic solid.
This implies that at a fixed K; or J, the plastic strains ahead of a
stationary crack exceed those ahead of a slowly moving crack with
its trailing wake of plasticity. More importantly since short
cracks sized below ry have by definition a 1imited wake, larger
plastic strains must” occur ahead of a moving short crack compared to
the equivalent long crack at the same K; or J. Recent in situ crack
tip deformation measurements on growing fatigue cracks 1in

aluminum alloy clearly show this to be the case. The strain
distribution ahead of a Tong crack at low aK conforms to a 2n(1l/r)
singularity,(51) and corresponding crack tip strains and opening
displacements for small cracks, 30 to 200 ym in length, are
significantly higher.(18)

The effect of wake plastic zone on the mechanical crack
driving force and the significance to the crack size similitude
question is influenced by chemical factors since environment can
affect plasticity. There is, however, no characterizing parameter
currently available which considers wake plasticity effects as a
function of material flow properties, and which describes driving
force independent of crack size.

2.4 CRACK DEFLECTION

Crack deflection contributes to a lack of similitude by
causing the near tip driving force to differ from the globally
computed Ky or J (Fig. 4c).(15) In general Mode I crack growth data
are correlated in terms of K, or J assuming a linear crack oriented
perpendicular to the maximum tensile stresses. Crack paths can,
however, deflect out-of-plane due to metallurgical and environmental
interactions such that the local driving force at the crack tip is
reduced.({12) For an elastic crack deflected through an angle o and
subjected to tensile and shear loads, the local Mode I and Mode II
stress intensity factors, k, and ko, are given in terms of the
nominal stress intensities, K; and Kiy, and angular functions
aij(e), as: (52)

ky = a),(0) Ky + a,(0) Kpp

(2)
ky = a21(e) Ky + azz(e) Kip
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For a simply kinked elastic crack, deflection through o = 45° yields
ky ~ 0.8y and ky =~ 0.3K;. The 45° crack path deflection induces a
s}gnificant Mode II shear component at the crack tip and reduces the
effective driving force by roughly 15%.(12)

Fatigue crack deflection is promoted by microstructure in
duplex structures,(12,53) and at lower AK levels where crack growth
may be crystallographic, particularly for coarse planar slip
materials.(54,55) The effect can be striking for microstructurally-
small cracks where prolonged retardation periods or arrest are
observed as such cracks encounter and reorient at grain
boundaries.(12,26) The crack size dependence upon the mechanics of
crack deflection (e.g., Eq. (2)) remains unsolved.

Environmental factors which induce a specific crack path
morphology can have a major influence on the mechanical crack
driving force through crack deflection. The branching of stress
corrosion cracks under specific material/environment/crack velocity
conditions,(56) the faceted or crystallographic nature of the
fracture plane in certain materials during corrosion fatigue
("brittle" striations in aluminum alloys,(57)) and most importantly
the development of intergranular facets and secondary cracks due to
hydrogen embrittiement or active path corrosion (4,27,48,57) are
examples of environment induced deflection.

The effect of crack deflection is not limited to modifying
the local stress intensity for a stationary crack. Under cyclic
loading, crack deflection induces irregular fracture surfaces and
Mode II crack tip displacements. Such factors promote the
development of crack closure, to a degree dependent upon crack
Tength, thus further enhancing the discrepancy between local and
global mechanical crack driving forces.

2.5 FATIGUE CRACK CLOSURE

Crack closure, or fracture surface contact, during cyclic
loading is a major factor contributing to crack size similitude
effects. At lower load ratios (below typically R = 0.5) where
contact occurs at positive loads (i.e., the closure stress
intensity, K 1) during the cycle, the consequence of closure is to
reduce the nominal driving force (aK = K ax - Kmin) to an effective
value, Kage = Kpoo - K.y, where K. ang kmin are the maximum and
minimum appfied seress $ntensities. Crack growth rates decrease in
response to the reduced driving force, but often correlate with
Kefge Crack closure can result solely from cyclic
plaincity.(SS) or may be developed through several alternate
mechanisms as illustrated in Fig. 4.(53) Closure processes include
crack surface corrosion product formation, irregular fracture
surface morphologies coupled with inelastic shear displacements, and
fluid-induced pressure inside the crack. Whereas plasticity-induced
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closure is significant at higher AK levels approaching plane stress,
higher levels of closure may be developed at lower aK levels
approaching &Ky (plane strain) through the mechanisms depicted in
Fig. 4.

A1l closure phenomena contribute to crack size similitude
breakdown through modifications of the near-tip mechanical driving
force and to a degree dependent upon crack size. Geometry is
crucial because closure must act in the wake of the crack tip.
Since short cracks have a restricted wake, growth rate retardations
by crack closure mechanisms are limited. At equivalent nominal aK
levels, short cracks may propagate faster than long cracks due to a
higher effective stress intensity., This effect will diminish as
closure develops with increasing crack length. Although there is a
growing body of experimental evidence to support this
notion,(11,19,59,60) with the exception of the fluid pressure-
induced closure mechanism, few analytical models exist which
incorporate the crack size dependence of closure. Furthermore,
indirect, geometry dependent chemical effects on corrosion products
and roughness characteristics have not been examined.

CLOSURE INDUCED BY CYCLIC PLASTICITY: Elastic constraint of mate-
rial surrounding the plastic zone in the wake of the crack front af-
fects material elements plastically deformed at the crack tip, and
leads to interference between mating fracture surfaces. Although
analyses showing the crack size dependence of closure are not avail-
able, recent experimental and numerical studies indicate that the
effect of closure diminishes at small crack sizes.(11,19,59-61) Un-
published results by Heubaum and Fine on Van 80 steel (Rg 94) cycled
in moist air show this particularly clear]y, as reproduced in Fig.
5. High precision closure measurements, using a 0.05 ym sensitivity

Crack Length (ym)
75 1?6 s
S AN 00 et lJ"‘ FIG. 5. Experimental evidence
I R-.08 a ~ for increasing crack closure

*

€ with increasing small crack

§ size, based on compliance
measurements for Van 80 steel

3 cycled in moist air; R = 0.05,
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compliance gauge, establish that closure stress intensity (K.;)
increases by almost 20% for crack extension from 75 to 375 um.
Although small crack growth rates exceed those for long cracks based
on constant AK, a unique growth rate-driving force law was reported

CLOSURE INDUCED BY CORROSION PRODUCTS: Closure induced by corrosion
products(33,53,62-65) is relevant to environmentally influenced
crack growth when the size-scale of such debris approaches crack tip
opening displacements (v) (Fig., 4d). The mechanism is most potent
at low R and at near-threshold stress intensity ranges, especially
in Tower strength materials where fretting processes during the
opening and closing of the crack enhance oxidation and excess
deposit formation., The closure mechanism was demonstrated as
significant for oxide films formed on alloy steel crack surfaces
exposed to moist gases,(53,62-64) and for calcareous deposits
produced on structural steel fatigue crack surfaces through
electrochemical reactions with seawater.(33,66)

Corrosion product induced closure is modeled approximately
in terms of the thickness of excess film (d) and the location of the
maximum thickness from the crack tip (22) to yield:(67)

K . = dE ,
cl 4/(ne) (1 - \JZ)

For air formed oxide, measured values of d (0.01 to 0.2 um) and 2%
(5um) correspond to a closure K of about 1.5 MPas/m., Significant
levels of K.; tend to offset the embrittling influence of an
aggressive environment which might otherwise accelerate crack
growth, In material and environment systems where susceptibility to
embrittlement is small, crack growth rates based on aK may appear
slower in seemingly more corrosive environments (Fig. 3). To date,
no analytical representation of the crack size dependence of
reaction product closure has been derived., Apart from size effects
on the mechanics of closure, the thickness and composition of
reaction products are determined by mass transport and
electrochemical reaction, processes which are crack geometry
sensitive as developed in ensuing sections.

(3)

CLOSURE INDUCED BY FLUID PRESSURE: Fnvironment may influence crack
closure through the hydrodynamic wedging effect of fluids inside the
crack during cyclic loading (Fig., 4f).(37,39,59) Fluids may induce
an internal pressure relatable to a stress 1ntensity (K*a ) which
opposes the opening and principally the closing of the crack, and
which reduces the effective stress intensity range at the tip to
Kars * Knax K? K§ axe [nis mechanism results in frequency and
viscosity sens1t e fat gue crack growth rates in inert fluids.

Trends in behavior with these variables are difficult to predict
since higher viscosity fluids, which induce higher fluid pressures,
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are kinetically limited in their ability to fully ingress into the
crack.(59)

Experimental and theoretical analyses of fluid pressure
closure provide estimates of K.y as a function of frequency,
viscosity and crack size.(38 55} Internal fluid pressu.e p(x) is
distributed along a crack of depth, a, and average opening
width,<h>, according to:

p(x) = 6np =M% a2 401 - x/a),  for d/a = 1
max
(4)
or p(x) = 6np'$h2§ x(x -d) . for d/a <1 .
<h>

where p is fluid density and n is kinematic viscosity. The extent
of fluid penetration (d) during a fatigue load cycle is time
dependent and estimated based on capillary flow to be:

t
2(t) « X595 B [ hodt , (5)
ne 0

d

where g8 is the wetting angle and y is surface tension., This
analysis suggests that the magnitude of closure typically saturates
at K. /K values approaching 0.5, based on fluid vgscositie§
between g and 60,000 cS and growth rates between 107" and 10~
mm/cycle, indicating that the mechanism is less potent than oxide or
roughness-induced closure. (59)

Equations 4 and 5 predict that fluid pressure, and hence
the degree of closure, are related to crack size and are diminished
at smaller crack lengths., Predictions of closure stress intensity
(K¥ax) due to fluid pressure, generated by oils of viscosities
vary¥ng from 5 to 60,000 cS, are shown 1n Fig. 6 for a 2 1/4Cr-1Mo
steel cycled at R = 0.05 and 50 Hz. decreases as crack length
approaches zero, and to a degree dependenf upon viscosity. At a
fixed nominal &K, the smaller crack experiences a higher effective
driving force, and hence propagates at a faster speed.

CLOSURE INDUCED BY FRACTURE SURFACE ROUGHNESS: Environmental
factors can influence the extent of crack closure through an effect
on fracture morphology (Fig. 4e). Irregular fracture surfaces;
produced by microbranching, intergranular separation or crystal-
lographic cleavage, together with local mixed mode crack tip
displacements; promote roughness induced closure during

unloading. (34,35,64,68,69) K., ts developed through premature
contact of pronounced asperities. For example, in high strength
steels where near-threshold growth rates are often lower in
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based on crack mechanics.

2.6 HYDROGEN ASSISTED GROWTH OF SMALL CRACKS IN STEEL

potentially embrittling gaseous hydrogen environments compared to
moist air, the intergranular nature of hydrogen-induced fracture
surfaces promotes fretting corrosion debris and asperity contact
during cyclic loading, leading to closure of varying degrees in each
environment. (36,60)

Roughness induced closure is modeled in terms of the
extent of surface roughness, or the ratio of asperity height to
width (y), and the ratio of Mode II to Mode I crack tip
displacements (pu):(68)

¢ E)-

¢ is significant at ‘ow R and for crack tip displacements
comparable with asperity size.(68,69)
both the degree of fracture surface roughness through a chemical
mechanism and the level of K
geometry effect has not been analyzed to date, while the former
mechanism is considered in Section 3.

Crack size may influence

A novel small fatigue crack-environment interaction,
traceable to the combined effects of mechanical closure and chemica’
transport, is summarized in Fig., 7 for 4340 steel (o = 1030 MPa)
stressed in either gaseous hydrogen or helium.
0.1 to 1 mm edge cracks grow five times faster than long {25-50 mm
cracks in compact tension specimens at constant aAK and in M,
Cracking in He is well defined by aK independent of crack
size for this class of steels (e.g., Fig. 2 and Refs. 13,28 " .

At 18w R (Fig. 7a°

The latter
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FIG. 7. The effect of crack size on fatigue growth kinetics >

for 4340 steel (g, = 1030 MPa) exposed to purified (95 kPa)
Hy. (a) 0.1 to 1 mm edge and 25 to 50 mm compact tension
cracks at R = 0.1. Note the accelerated growth of small
cracks. (b) Edge and surface cracks for R = 0.7. Note the
similar growth rates for long and short cracks at high R and
the role of closure for long cracks at low R.

The breakdown in similitude for small cracks is also observed for
higher strength (o, = 1360 MPa) 4130 steel in H,.(70) At the high R
value where closurg is minimized, growth rates %or the long crack .
approach short crack speeds for H, (Fig. 7b). In contrast short y
crack growth rates in H, are equivalent at R = 0.1 and 0.7. When it
low R, long crack resulgs are adjusted for closure based on AKeff N
computed from compliance estimates of K 1» the differences between \
long and short crack speeds become smal? as shown by the dashed line

in Fig. 7b. Equivalent growth rates are observed for cycling from .
Knin t0 Knax and from K.y to K, , demonstratig the absence of
damage for changing stress intensity below K ;.

The crack size effect summarized in Fig. 7 is reasonably <
explained based on closure. Since crack geometry effects are
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accounted for by applied & for high strength alloys in inert
environments, the origin of the closure variations must be
environmental. Precise micromechanisms for such behavior are
uncertain, but the results are consistent with a rougher
intergranular fracture surface in hydrogen which both promotes crack
deflection and roughness induced closure. This view is

speculative., Crack closure was not estimated for short cracks, and
no quantitative model exists to explain the crack size dependence of
Key for given roughness. Additionally, roughness differences were
noz quantified for the cracks represented in Fig. 7.(69) Cracks
produced in H, were only partially intergranular. Finally, the
chemical driv?ng force for embrittlement may be crack size
sensitive, and contribute to or dominate mechanical closure.

3. SMALL CRACK-ENYIRONMENT INTERACTIONS:
CHEMICAL DRIVING FORCE

3.1 CONCEPT

Crack size and opening shape effects on the chemical
driving force for brittle crack growth compromise the stress
intensity similitude concept for both static and cyclic stressing.
It is unreasonable to assume apriori that a mechanics based crack
tip field parameter will describe a chemical driving force. Local
crack chemistry controls environment assisted subcritical cracking,
and differs from that of the bulk due to enrichment (or depletion)
of embrittling (or inhibiting) constituents.(71) The chemistry and
embrittliing activity of the occluded crack environment is geometry
sensitive because of crack size and shape effects on mass transport
by diffusion and convection, electrochemical potential and on
reaction kinetics.(72-78)

Experiment and transport-reaction modeling are required to
define the crack size range where geometry effects on crack
chemistry are significant for a given material and environment.
Chemical crack size effects are particularly relevant for small
cracks because of: (a) the proximity of the crack tip to the bulk
environment and applied potential,(73,76) (b) the crack size
dependence of convective pumping,(78,79) (c) the large crack surface
area to occluded solution volume ratio,(14,24) (d) the likelihood of
tortuous crystallographic cracking influencing transport,(54) and
(e) the sensitivity to localized environment enhanced
plasticity.(26,28) Geometry effects may remain constant with
increasing crack size beyond a saturation point,(29,57) consistent
with de?onstrations of aK similitude for aqueous environments. (4-
7,50,80

Chemical crack size effects are predicted for a wide range
of embrittling environments. (24,72,73,76,77,81,82) Experimental
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confirmations are, however, lacking because of the difficulties
associated with isolating chemical and mechanical effects on
similitude, and with monitoring the growth of small cracks.

3.2 GASEOUS ENVIRONMENMTS

THEORETICAL MODELING: Gaseous environment enhanced fatigue crack
propagation rates are controlled by the slow step in the sequence
including gas transport, adsorption, diffusion, and chemical
embrittlement.(29,32,72) For free molecular flow, collisions
between gas molecules and crack walls dominate transport and impede
the arrival rate of reactive species at the crack tip.(71,81) Local
gas pressure is reduced below the bulk level, and embrittlement is
decreased provided that gas transport is rate limiting.

Gas transport to the tip is crack size and opening shape
sensitive. Impeded flow occurs when molecular mean free
path (1) exceeds crack opening displacement (v), with impedance
beginning for v below about 100 A.(72) Mean free path equals 0.1 um
for Hys Ny 0, and Hp0 at 300 K and 200 kPa pressure, and varies
inversely witﬁ pressure and the square of molecular diameter,
Considering an edge crack loaded to K = 10 MPa/m, crack mouth
opening varies from 2 un for a depth of 0.1 mm to 18 m at a depth
of 15 mm. For the 100 X interaction criterion, impeded flow should
occur over the entire length of the short crack, but over a much
longer length for the deep crack. Crack geometry effects are more
likely for lower gas pressure (e.g. A = 20 ym at 5 kPa), for rough
crack surfaces and for large molecules (A = 2 mm for Cd at 5 kPa)
relevant to solid metal embrittlement.(82)

Flow impedance (I) is approximated by:(72)

a 2 -l 2 *
I= (4 f " dx/vpay) = #p0 /109 v, (7)

for a crack of length a along x, of mouth opening, v, at a stress,
o, the constants ¢ and ¢, and molecular flow starting at a*.
Impedance decreases as [ increases from 0 to 1, and is time
dependent during each stress cycle, o(t). The integral is solved in
equation 7 for near tip displacements (aoKv/(a - x)); alternate
solutions are obtainable for the complete crack. While approximate,
this analysis demonstrates that crack tip pressure and hence
embrittiing activity depends on stress, crack shape and size. k2
(or o“a) in equation 7 results from the assumed form of vu(x) between
a* and a, and is not relatable to a mechanical driving force. aK-
based similitude is predicted for those long crack cases where
changes in log v¥ due to increasing a, have only a mild effect on I,
and for those gases where subsequent steps in the reaction sequence
are fast compared to transport.(83) Alternately, within the short
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crack regime and at constant K, increasing a results in decreasing I
and increasing impedance until crack length equals a*. A
multiplicity of growth rates would be projected, and aK-based
similtude compromised.

EXPERIMENTAL CONFIRMATIONS: Experimental evidence of unique small
crack-gas environment interactions is limited, since studies of
embrittlement have not focused on either small crack growth kinetics
or similitude. Typically, &K and crack size vary simultaneously,
complicating interpretation. Wei and coworkers reported that
constant AK loading produced constant crack growth rates independent
of crack size for long (> 25mm) cracks in an aluminum alloy in water
vapor, supporting similitude.(32) Systemmatic studies of this sort
must be extended to variable crack size and shape.

Anomalously rapid growth kinetics for small cracks growing
in moist air are not relatable to chemical influences because
experiments were not conducted in an inert environment to isolate
mechanical effects.(11,13,15-17,31). Lankford demonstrated rapid
growth rates for small cracks in an aluminum alloy exposed to moist
air at constant AK.(28) A larger crack size effect was reported for
pure N,, indicating that water vapor transport and reaction did not
dominate the crack size-environment interaction.(28) Holder
demonstrated that small fatigue cracks in steel grew at anomalously
fast rates at low AX compared to extrapolated long crack kinetics
for moist air, but not in an inert reference environment.(23)
Impeded molecular flow, shielding the long crack tip from
embrittling H,0 molecules, was fnvoked. Experiments were, however,
limited and fTow impedance was not modeled.

Geometry sensitive gas transport may contribute to the
effect of crack size on hydrogen assisted fatigue crack propagation
rates, Fig. 7a. 1 to 100 i equals 0.1 to 10 um for Hp at 300 K and
100 kPa., Crack mouth opening displacement at maximum load varies
from 0.1 to 7 um for the small crack geometries and from 40 to 200
un for the compact tension conditions indicated in Fig. 7a. Larger
flow impedances (Equation 7) are expected for the long crack. This
simple analysis does not consider surface roughness enhanced
molecule-wall collisions, and mass transport due to convection or
surface diffusion. If flow impedance caused the chemical crack size
effect at low R, then growth rates should be crack size independent
at high R where the long crack tip is open and accessible to the
bulk environment. A stress ratio effect is observed only for the
long crack, (Fig. 7b). Gas transport control is not, however, .
unambiguously identified because data are equally well explained
based on crack closure. Determination of the effect of hydrogen
pressure on the magnitude of the crack size effect at constant aAK
woyld differentiate between impeded gas transport, proportional to

PH2, and crack closure, independent of Py,

oW T LR ‘\'A\'.-".;_']X,";‘v_'. !.v-|J.p‘. {'-,’i"! 1'-’-.‘.' -( T AL AT A AR R




Gangloff & Ritchie: Environmental Effects & Short Cracks 17

3.3 AQUEOUS ENVIRONMENTS

STATIC LOADING: DATA AND THEORY Small crack-environment
interactions during static loading provide a basis for understanding
more complex chemical crack size effects in fatigue. Superposition
concepts relate the environmental effect for each loading mode, (84)

Experimental evidence for chemical crack size effects on
stress corrosion cracking is virtually nonexistent. Static load
growth rate data, presented in Fig. 8a for 0.1 to 2 mm deep
elliptical surface and through thickness edge cracks in 4130 steel
(o, = 1330 MPa) exposed to 3% NaCl, show Stage I, K-independent
(Sgage I1) kinetics for replicate specimens. Critically, small
cracks grow at faster plateau rates and at stress intensities well
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FIG. 8. Crack size effects on static load embrittlement of high
strength steels. (a) Growth rate - K data for 0.1 to 2.0 mm deep
cracks in 4130 steel (g, = 1330 MPa) exposed to aqueous NaCl. Note
the rapid rates of growgh for small cracks; after Gangloff

(1984). (b) Threshold stress intensity versus crack size for
surface and edge flawed specimens of 4340 steel (ob = 1480 MPa)
exposed to gaseous H,S. Note the crack size independence of KISCC
supporting similitude; after Clark (1976).
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below the threshold (K;scc), compared to literature data for long (>
20 mm) cracks in similar Steels at constant strength.(85) Shahinian
and Judy (7) report constant Kisce for 3.6 to 10 mm deep elliptical
surface flaws and deep cracks 1n cantelever beam specimens for two
str?ngth levels (o, = 890 and 1410 MPa) of 4340 steel in 3.5%

NaCl.

The crack size effect portrayed in Fig. 8a is traceable to
geometry effects on the electrochemical processes which contribute
to embrittiement. Cracks at either size scale would not grow in an
inert environment at the K levels examined, and crack closure and
corrosion product wedging are not relevant. Crack size has no
influence on KIS for gaseous HZS embrittlement of a similar steel
(Fig. 8b).(85) ﬁﬁile embrittiemeént in aqueous NaCl and gaseous HyS
is attributadle to hydrogen, crack geometry only influences solution
transport and electrochemical reactions, and hence the level of
embrittling hydrogen developed, for the former environment.
Specifically, acidic conditions and embrittling hydrogen are
produced in the occluded crack exposed to saltwater based on iron
and chrome dissolution, water hydrolysis to produce H and cathodic
hydrogen and oxygen reductions.(65,86,87) Turnbull and coworkers
modeled the geometry dependence of crack potential, pH, dissolved
05, and cation concentrations leading to hydrogen production; and
based on charge and concentration driven diffusional supply of the
relevant electrochemical reactions.(55,73,74,89) The matertiatl,
crack geometry and K conditions of Fig. 8a were analyzed to yield
the results listed in Table I. Crack tip acidification (pH), the
current density for H* reduction (i,) and the concentration of
embrittling hydrogen adsorbed into ghe metal near the crack tip (Cy)
increase significantly with decreasing crack size. Hydrogen
reduction is promoted for small cracks through an indirect influence
of a reduction in dissolution product concentration by enhanced
diffusion. Model predictions are qualitatively consistent with
crack growth rate data in Fig. 8a because Kiscc decreases with
increasing Cy.

TALE 1
MODEL PREDICTIONS OF LOCALIZED CRACK CMEMISTRY

CRACKX TIP CHEMISTRY*

p Potential "
(w¥-SCE) Nea?
(e cd)
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Model predictions and growth rate data for alternate
stress corrosfon cracking systems have not been compared to
establish the importance of crack size. Doig and Flewitt(76) and
Turnbul1(73,79) predict that crack propagation rates controlled by
anodic dissolution increase with decreasing crack size as shown in
Fig. 9 for low alloy steel in a boiling caustic solution. Changing
crack size between 0.1 and 2 mm significantly influences crack
growth rate, while the effect saturates for larger crack sizes.
Applied stress intensity is constant, but growth rate changes with
crack size due to a chemical influence. Small cracks are sensitive
to embrittlement because of relatively small potential differences
between tip and surface, and because of enhanced elimination of
dissolution products. Both phenomena promote rates of dissolution.

Smyr1 and Newman(88) predict that diffusion supplies a
propagating stress corrosion crack tip only for depths less than a,
given by the ratio of diffusivity (D) to crack speed. For a > a c»
crack growth is length dependent at constant applied K, while short
cracks propagate at faster rates which are not diffusion3lim ted.
For example, a equa&s 1 mm for typical values of D (107° mm®/sec)
and crack spee (10"°mm/sec., Figure 8). Charnock and Taunt(89)
demonstrated that solute penetration by diffusion into the occluded
crack solution is proportional to /v for a slowly moving crack with
chemically reactive crack walls. Environment transport to the crack

tip is enhanced for stress and geometry factors which increase crack
opening.

Aoy Steel Boling NeOH

FIG. 9. Predicted effect of
crack size on static load
growth rates controlled by
crack tip anodic dissolution
for low alloy steel in boiling
NaOH at constant crack

" opening. After Doig and
1ok | Flewitt (1983).
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T

Log Crack Velocity (ms™')

»
1
«
]
~
-




Gangloff & Ritchie: Environmental Effects & Short Cracks 20

CYCLIC LOADING: EXPERIMENTAL RESULTS Small fatigue crack-
environment interactions have been investigated only for low alloy
steels exposed to aqueous chloride solutions, a system relevant to
many applications including offshore structures.(33,65,80,90,91)
Specific data are summarized in Table [I, where comparisons between
short and long crack growth kinetics indicate marked compromises in
similitude.

Important trends are apparent based on the data contained
in Table II.

1) Small corrosion fatigue cracks always grow faster (between
1.2 and 300 times) than projected based on long crack
kinetics at low to moderate AK and R values. Crack
size influences corrosion fatigue growth rates
comparably to well recognized variables.(80)

1i) The size regime for small crack-environment
interactions is below about 3 mm. Results are,
however, insufficient to exclude a size effect for
deeper cracks.

1i1) The magnitude of the small crack effect decreases with
increasing a at constant Ao (increasing aKk), with
increasing Ao at constant a and with increasing R.
Crack opening shape, approximated by mouth
displacement, correlates a, aog, &K and R
effects.(14,24) Stress effects are not universally
observed. (29,30)

TABLE Il

SMALL FATIGUE CRACK—ENVIRONMENT
INTERACTION FOR STEELS IN WATER
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iv) The magnitude of the small crack effect decreases with
decreasing yield strength, however, a systematic study
has not been performed. This trend is consistent with
a general decline in both environment sensitivity and
the effects of R, frequency and environment activity
with decreasing strength.(80,85)

v) The mechanism for the crack size effect is chemical for
high strength steels, based on measured crack growth
rates in benign environments and on the unlikely
occurrence of mechanical effects on similitude for a >
0.1 mm, Mechanical effects may contribute to the rapid
growth of short cracks in low strength steels. Studies
in an inert environment have not been conducted to
separate chemical and mechanical effects for such
steels.

vi) Compliance measurements have not been reported for
small cracks in embrittling environments. Environment
enhanced plasticity, corrosion product and roughness
induced closure contributions to retarded cracking
cannot be assessed.

vii) The effects of cyclic frequency, electrochemical
potential and bulk solution composition on the kinetics
of small corrosion fatigue cracks have not been
investigated extensively.(14,90)

viii) Small crack corrosion fatigue studies are impeded by
problems in crack monitoring,(27) by the low
frequencies and AK levels of interest,(90) by the
possibility of net section yielding (9,25) and by small
differences in growth rates, which are none-the-less
relevant to long term component integrity.(90,92)

CYCLIC LOADING: THEORETICAL ANALYSES Early explanations for the

rapid growth of small corrosion fatigue cracks were based on en-

21

hanced environment access to the crack tip.(22,23,54,90) The proxi-
mity concept fs, however, overly simplistic. Recent results for 4130
steel demonstrate that small crack growth rates decrease with in-

creasing stress and with decreasing crack size for very small
cracks; embrittlement decreases as crack opening increases.

(14,21,24) Tortuous, Stage I fatigue cracking is often not observed
for aqueous environments. The proximity concept implies diffusional

flow, however, precise transport mechanisms are not specified.
Turnbul1(57) demonstrates that mass transport is not necessarily
impeded by increased crack depth because of the increasingly
important contribution of convection. Finally, the proximity

concept does not specify the chemical mechanism for brittle crack
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extension. Impeded transport of an inhibiting species to the crack
tip will, for example, result in enhanced crack propagation.

Modeling is required to define the effects of crack
geometry on the chemical driving force for embrittiement, Mass
transport by diffusion and convection determines crack
chemistry,(57) which dictates transient reactions with straining
crack surfaces,(29) which, in turn, control brittle crack advance.
A detailed theory does not exist.(71) Elements of the problem are,
however, developed from a hydrogen embrittlement perspective, and
are relevant to corrosion fatigue by dissolution and film rupture.
For steel in an aqueous solution, hydrogen is produced by hydrolysis
within the occluded, pulsating crack.(86,93) The time and cycle
dependent corrosion fatigue components to the total crack growth
rate, da/dNcp, are defined by (14,29,32,65):

&, " Culonat) o, (8)

where ¢ is a constant. The chemical driving force is represented by
the concentration of adsorbed hydrogen (C,) which is crack size,
stress and time depsndent. The mechanica? driving force is
accounted for by aK“.

If convective mixing is ignored, then modeling of the
static crack provides a description of C, (0,2,t),(57,73,79) with
enhanced acidification and hydrogen disCNarge predicted for
decreased crack size (Table I). Since hydrogen embrittlement is
probable for the conditions represented in Table II, (65,86,93)
this result provides a reasonable explanation for the rapid growth
of small corrosion fatigue cracks. For 4130 steel the crack size
effect on corrosion fatigue, Fig. 2, is predicted in part based on
linear superposition of stress corrosion growth rates for "short"
and "long" cracks (Fig. 8a) combined with growth rates for a benign
environment.(24) This comparison adds credence to the applicability
of the static crack model for hydrogen production.

Crack size dependent convection effects cannot, however,
be ignored.(57,74,75,77,78) Considering hydrolysis, no model exists
to describe convection effects on electrode potential, pH and metal
ion concentrations within a pulsating crack. The importance of
crack geometry dependent convection is illustrated by analyses of
dissolved 02 supply and reduction within a crack. Static cracks are
presumed to be fully oxygen depleted due to cathodic reduction
dominating diffusional supply; 0, does not affect Cy, .(73,74)
Convection provides an additiona? source of oxygen which consumes
protonic hydrogen during each load cycle. Cy and da/dN.¢ are reduced
for decreased acidification traceable to oxygen inhibggion“.

§
|
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Perfect mixing analysis of 0, supply and reaction
demonstrates that depletion, and by inference the effect of 0, on
corrosion fatigue, are reduction rate, cyclic frequency, crack size
and opening shape dependent. Taunt and Charnock(77) analyzed solute
supply and reaction within a crack as a function of load cycles for
a variety of rate expressions. Turnbull(74) focused a similar
analysis on 02 depleted at a rate proportional to instantaneous
concentration. Each model demonstrates that AK similitude is
compromised. These approaches were modified(14) to predict the
concentration of dissolved OZ(CO) within small cracks for square
wave fatigue loading in aqueous chloride at a frequency of 1/t and
0, reduction at a rate given by ofy. The result is:

- aAcra*
CO = CB (1 - R) exp (—Z—V'"—‘aT) (9)

where CB = bulk solution oxygen concentration, A
area, Vp,, = crack solution volume at Knax» and a geometric
constanT. For a wedge crack, the ratio o¥ AC to Voay equals

4/vnax+ As such Cy depends exponentially on -1/ axs 2 parameter
which is crack depth sensitive at constant aK. ?Typically, Vmnax @
(apax 2) @ (Kpax”2)+) Physically, depletion is controlled by e
r:@?o of active crack surface area available for reaction, a*A_., to
the occluded solution volume, V,.,, which supplies reactant. gma]l
cracks are distinguished by a large surface to occluded solution
volume ratio, and hence by extremely low values of C, compared to
long cracks at constant aK. Equation 9 is plotted in Fig. 10 as a
function of edge crack depth for constant ak, I6equency and reaction
rate conditions. Cn/Cg is on the order of 10~ 4 for 0.12mm deep
cracks, and rises rap151y to values between 10°" and 107 for cracks
deeper than 5 mm. (14)

crack surface

tions of the effect of edge
crack length on dissolved
oxygen content at constant
AK. Modeling includes 02
depletion by cathodic
reduction and 0, supply by
either perfect convective
mixing (Gangloff, 1984) or

, diffusion and laminar

! convection (Turnbull, 1983).

! FIG. 10. Analytical predic-
|
|
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The unique chemical character of smali cracks is confirmed
by relating perfect mixing to brittle corrosion fatigue.
Specifically, the hydrogen ion concentration remaining at the end of
a square wave load cycle is calculated based on 02 reduction to
consume H* and produce OH™, 02 modified acidification is related to
Cy and corrosion fatigue crack growth rate through equation 8 to
yield either:(16)

da

LOG == = ¢ + at(a*/v

dNCF max) (10)

at constant AK, or the normalized equation listed and plotted in
Fig. 11, (Rates are normalized by an absolute brittle crack growth
rate (da/dNeg_ BS) indepengent of 0, inhibition to account for the
mechanical ?nf%uence of aK¢.) The extent of 02 inhibition increases
as the normalized growth rate parameter decreases from 1.0 to 0.
Physically, increased crack length results in increased crack
solution volume to active surface area, increased 0, reduction
persisting to longer times during loading, decreaseg hydrogen
production and hence in reduced rates of brittle corrosion

fatigue.

The perfect mixing analysis of 0, inhibition is consistent
with experimental results. The logarithm of corrosion fatigue crack
growth rate for 4130 steel in saltwater (Fig. 2) varies linearly
with reciprocal maximum crack mouth opening as shown in Fig. 11 and
predicted by equation 10. The 02 reduction rate constant inferred
from least squares slope analysis is of the correct order. Similar
good agreement is observed at constant AK without
normalization.(14) Considering Fig. 11, compact tension cracking
produces small changes in y,, (squares) compared to the results for
0.5 to 3 mm deep edge and sur?ace cracks. The retarding influences

1.0 &

e ¢ o8
o = s 2EEE

FIG., 11. Experimental data and
analytical prediction for the

effect of crack shape, given by ]
reciprocal crack mouth opening § 19
at maximum load, on corrosion %
fatigue crack growth rate for

4130 steel in 3% NaCl. §
Fracture mechanics similitude 3

predicts a horizontal line at 8> Smm
1.0. After Gangloff (1984). B St e
0 QO Surfece Creck
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of increased stress, produced by increased R, increased ac or
instantaneous stress increases; and of increased crack size are
accounted for by maximum crack opening shape. A brittle fracture
mode trTnsition occurs with decreasing da/dNcp and correlates with
(Wma )~ indicative of a chemical crack size effect. Intergranular
cracfing (open symbols) at small v x is replaced progressively by
brittle transgranular fracture (fiT?ed symbols) at increased x*
Many of the trends represented for lower strength steels in T;E?e Il
are consistent with maximum crack mouth opening displacement control
and perhaps 0, inhibition. Small cracks grow at the fastest rates
when sized be?ow 1 mm and when stressed at low aK and R. Cracking
is retarded by increased a, AK or R, or equivalently, by increased
crack mouth opening.

While the breakdown in aAK similitude and the correlation
between da/dN~c and crack opening are well established in Fig. 11,
the 02 inhibigion model is speculative. Acidification differences
may contribute to crack size effects, Table I. Experiments with
deoxygenated solutions are inconclusive for 4130 steel,(14) relevant
values of a« are uncertain and may exceed 15 ampe.m/mole,(74,75,79)
and perfect mixing may provide an inaccurate description of mass
transport. Turnbull argues that mass transport within a slowly
cycled (< 1 Hz) corrosion fatigue crack is viscous-laminar.(57)
Turbulence is expected and perfect mixing is relevant only when
crack surface contact occurs. For viscous flow, a transition crack
size (aT) is defined:

/ (0/f)
i . g5 to 1.0) (11)

where f is cyclic frequency and the exponent depends on precise
crack shape. Diffusion dominates mass transport for cracks sized
below ap, while deeper cracks are supplied predominantly by
convection. ay equals between 0.1 and 0.2 mm for oxygen dissolved
in water and a loading frequency of 0.1 Hz.

Crack size, &K, frequency, R and chemical reaction rate
influence crack chemistry, as illustrated by analysis of
diffusional/laminar convectional 0, supply and cathodic
reduction.(57,75,79) A typical prediction is presented in Fig. 10
and compared to the perfect mixing approximation for the same
conditions., Note that perfect mixing provides an upper bound on
dissolved 0, within the crack. At very small crack depths, 0, is
enriched significantly due to diffusion. As crack size increases,

0, diffusion decreases and convection increases. Co is minimized,
and further increases in crack depth result in increased dissolved
0, due to convection. The comparison between crack growth rate data
and perfect mixing theory, Fig. 11, is for small cracks sized above
0.5 mm to avoid the complicating effects of diffusion. Crack growth
rates at constant AK for 4130 steel in saltwater exhibit a maximum
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at a = 0.8 mm, and decline with increasing and decreasing crack
size.(14) The complex effect of crack size on crack chemistry
illustrated in Figure 10 may be general, The minimum value of C
represents that crack depth where transport of either a bulk specie
to the tip or a crack tip reaction product to the bulk is most
effectively impeded. Modeling further indicates that, for the long
crack convection dominated regime, concentration increases with
decreasing 0, reduction rate and increasing ak, R and frequency.
Variable effects on the location of the maximum in Figure 10 have
not been analyzed in detail. Experimental evidence for crack size
effects of the type predicted in Fig. 10 is lacking.

4. SUMMARY

When analyzing the growth of small fatigue cracks in
embrittling gaseous and aqueous environments, AK or AJ based
similitude concepts must be examined. Data confirm that small crack
geometry effects are not wholly accounted for by a crack tip field
parameter. Crack size and opening shape must be considered as
variables, and crack closure phenomena characterized
experimentally. Unfortunately, it is not possible to provide
general criteria which define limiting crack size and shape for AK
similitude from an environmental perspective. Crack size effects
are material and environment specific, and may vary with alloy
strength, cyclic frequency, temperature, applied potential or gas
pressure. Theoretical analyses of the mechanical and chemical
origins of the driving force for brittle crack growth clearly
establish the potential for novel small crack-environment
interactions., Refined analyses are required, however, to fully
define crack geometry effects. Experimental tools exist to assess
the importance of crack size effects for specific corrosion fatigue
applications.

Understanding of small crack effects is limited for
technologically important, low strength alloys in gas, water,
chloride or caustic environments, and for both static and cyclic
loading. Deleterious chemical crack size effects are documented for
high strength steel in aqueous chloride and gaseous hydrogen, and
mechanistic understanding is forthcoming. Complicating plasticity
and wake, roughness and corrosion debris induced closure effects are
unlikely. In contrast research is required for low strength
structural steels. Crack size effects are suggested experimentally
and hydrogen {is known to embrittle such alloys, albeit less severely
compared to high strength steels. Environment enhanced plasticity
and closure mechanisms are particularly relevant for lower strength
alloys. As such, the range of interactions considered in this
review may impact corrosion fatigue and produce complex crack size
effects. For alternate environments, the potential exists for crack
geometry effects on localized chemistry. For example, the chloride
conditions described in previous sections were unbuffered and at the
free corrosion potential. Transport of buffering species, as
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encountered in seawater or inhibited solutions, and the response of
crack tip potential and electrochemical reactions to applied
potential, as encountered in cathodic protection, are likely to be
crack geometry sensitive. Crack geometry effects related to anodic
dissolution and film rupture are largely undefined. The research
challenge exists to isolate, measure and model such geometry
sensitive processes.
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