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FATIGUE CRACK PROPAGATION IN AEROSPACE ALUMINUM ALLOYS

R.P. Gangloff!, R.S. Piascik?, D.L. Dicus® and J.C, Newman, Jr.*

Abstract

This paper reviews fracture mechanics based, damage tolerant
characterizations and predictions of fatigue crack growth in
aerospace aluminum alloys.  The results of laboratory
experimentation and modeling are summarized in the areas of:
(a) fatigue crack closure, (b} the wide range ¢rack growth fate
response of conventional aluminum alloys, () the fatigue
behavior of advanced ‘monolithic aluminum alloys and ‘metal
matrix composites, (d) the short crack problem, {e)
environmental fatigue and (f) variable amplitude loading.
Remaining uncerfainties and necessary research are identified.
This work provides a foundation for the development of fatigue
resistant alloys and composites, next generation life prediction
codes for new structural designs and extreme. environments,
and to counter the problem of aging components.

L. Introduction

The fracture mechanics approach to fatigue crack
propagation quantitatively couples laboratory studies on alloy
performance and fatigue mechanisms with damage tolerant life
prediction methods through the concept of growth rate
similitude. This method, iflustrated in Figure 1, is-traceable 1o
the seminal results of Paris and coworkers for the ¢ase of moist
air environments!"! and is outlined in current textbooks®,
Suberitical fatigue crack propagation s measured in precracked
laboratory specimens. according to standardized methods®l,
Crack length {a) versus Toad cycles (N) data are analyzed fo
yield a material property; averaged fatigue crack growth rate
{da/dN} as a function of the applied stress intensity range, AK.
AK is the difference between maximum (K.} and minimum
(K, stress intensity values during a load oycls.  Paris
experimentally demonstrated the principle of similitude; thatis,
equal fatiguecrack growth rates are produced for equal applied
stress intensity ranges, independent of load, crack size and
component or specimen geometry, ‘Wel and coworkers
extended this concept to describe corrosion fatigue crack
propagation in aggressive gas and liquid environments!,

The similitude principle enables an integration of
laboratory da/dN-AK data fo predict component fatigue

A
Material
Environment
=
'®) g da o Axh
| T
O 9
{ASTM E647-88)
-
4 LOG &K
AKCOMFQNENT‘f {Loading, Flaw size ; Geometry)

{

BLm k Growth Law)(AK ) da
N, N, = f& (Crack Growth La COMPONENT
INIT

A
Ao,

Ao a

\j

Ny N

Figure 1. Fracture mechanics approoch 1o fatigue crack
growth:  material  characterization  and

component life prediction.

behavior, in terms of either applied stress range (Ag) versus
total Tife (Np or crack length (a) versus load cycles (N), for
any initial defect size and component configuration. These
calculations require component loading and stress analyses,
initial erack size and shape, and a component stress intensity
solution. This method has been developed for complex
structural -applications in the energy, petrochemical and

¥ Department of Materials Science, School of Engineering and Applied Science, University of Virginia, Charlottesville, VA, 22901,

2 Formerly, Graduate Student, Department of Materials Science, University of Virginia; Currently, Mechanics of Materials Branch,
Materials Division, NASA Langley Research Center, Hampton, VA, 23665.

3 Metallic Materials Branch, Matérials Division, NASA Langley Research Center, Hampton, VA, 23865,

% Mechanics of Materials Branich, Materials Division, NASA Langley Research Center, Hampton, VA, 23665,

894



transportation sectors® ), In these cases classical fatigue design
rules, based on smooth specimen data and which do not
génerally dccount for time dependent environmental effects, are
being challenged by damage tolerant crack growth procedures.

Damage tolerant design requirements for -aerospace
structures stimulated the development of fatigue-crack growth
life prediction methodologies based on fracture mechanics. In
1979 two round robin programs were initiated in the United
States! ' and Buropel™ to implemient the approach illustrated
in Figure 1 for aérospace componernts and mission loading
spectra. 'The methods and models used in these programs can

* be categorized into-either empirical {viz., yield zone or crack
closure) or analytical crack closure models. Each wasbased on
modeling plasticity effects and most -accounted for
load-interaction effects such as crack growth retardation and
acceleration and mission-relevant load spectra.

Empirical yield zone models were generally based on
the Willenborg et al. model'?, but modified to improve its
accuracy>!%,  The vyield zone models require several
constants, other than the standard constant amplitude crack
growth: properties, to accurately predict crack growth under
aireraft loading. Empirical crack closure models also require
several empirical constants to-account for variations in crack
opening stresses during spectrum loading>18l.  Analytical
¢rack ¢losure models predict the variation in crack opening
stresses during a load history!!”), These methods and models
have been incorporated into fatigue damage tolerance computer
codes for aerospace structures, including CRKGROUS, NASA
FLAGROU!, NASCRAC™Y and FASTRANEY,

The results from these studies indicate that the advanced
yield zone and crack closure based models reasonably predict
grack growth lives under aircraft spectrum loading, provided
that the models are adjusted based on results from similar
materials and loading!®'1, The studies also demonstrate that
the inclusion of both crack growth retardation and acceleration
is necessary to give accurate life results. The significance of
crack closure, as defined in an ensuing section, in explaining
and modeling fatigue crack growth is illustrated in both studies.
Further work is deemed to be necessary to develop truly
predictive methods for fatigue crack growth life prediction.

IL. Objective

The objective of this paper is to review the state-of-the-
art regarding fracture ‘mechanics based damage tolerant
characterizations and predictions of fatigue life in aerospace
aluminum alloys. Emphasis is placed on. recent laboratory
experiments and models used in life prediction codes. The
following sections summatize research over the past 15 years
on: (a) fatigue crack closure, (b) the wide range da/dN-AK
response of aluminum alloys, (c) the fatigue behavior of new
monolithic aluminum alloys and metal matrix composites, (d)
the short crack problem, (&) environmental fatigue and (f)
variable amplitude loading. 'The results of this work are being
incorporated into next generation fatigue damage tolerant life
prediction codes for new structural designs, intended for
extreme environments, and to counter the problem of aging
components.
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1. Fatigue Crack Closure

A notable development from fatigue crack propagation
research has been the concept of crack closure®l, While stress
intensity similitude was initially based on applied AK, as
indicated in Figure 1, experiments and modeling demonstrate
that crack surfaces can contact during the unloading portion of
the fatigue oycle at positive applied stress levels. -Such contact
shields the crack tip from further unloading; the cyclic strain
range at the crack tip is accordingly reduced from that level
typical of the complete excursion of stress intensity from K,
to K., Crack closure causes reductions in growth rates
compared to the values typical of unhindered crack opening at
the same applied AK range!?-28, Extrinsic crack growth is that
which is closure-influenced, while fatigue under closure-free
loading is said to be intrinsic.

An effective stréss intensity range (AK,q), defined as
Kex = Kopenings reasonably correlates da/dN in a form similar
tothat indicated for applied AK; Figure 1. The extent of crack
closure, that is the magnitude of AK,, dependsonapplied AK,
stress ratio (R = K, /K., siress level, crack length,
specimen thickness, alloy microstructure and environment.
Closure provides an explanation for the effects of a variety of
metalfurgical, mechanical and environment chemistry variables.

All known mechanisms for premature crack surface
contact or closure act in the wake of the propagating fatigue
crack®”, Three specific shielding mechanisms are illustrated
in Figure 2. Plasticity induced closure, Figure 2a, arises from
an interference between mating ¢rack surfaces which were
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permanently deforimed as the crack tip passed through the
plastic zone. Plasticity induced closure is by far the most
dominant form of closure and was the first 1o be extensively
studied in experiments and pumerical analyses. This closure
mechanism is thought to be dominant under plane siress
deformation, typical of higher AK levels. Atvery high AK,
where elastic constraint is no longer operative and the material
is fully plastic, plasticity induced closure becomes insignificant.
Little is knowit about the effect of plasticity induced closure on
near-threshold fatigue crack propagation. Other forms of
closure, such as roughness or oxide/corrosion product induced
closure occur, but they have yet to be quantified. Roughness
induced closure, shown in Figure 2b, arises from premature
contact of crack surface asperities which may be pronounced
for specific microstructure, deformation mode and environment
conditions. Roughness induced closure is significant at near-
threshold stress intensities, where crack tip opesing
displacements are comparable to fracture surface ‘asperity
heights, and when Mode II displacements exist. As a third
mechanism for closure, fatigue crack growth rates are reduced
when crack surface corrosion products reach a thickness
comparable to ¢rack opening displacements, Figure 2¢. Here,
the crack is wedged open at stress intensities above K.,
resulting in reduced crack {ip damage. Measurements of
closure, or more correctly the opening load, from compliance
methods provide a means of approximately calculating AK 4,
but are not able to distinguish between the various forms of
closure.

The crack closure concept has been extensively used to
correlate crack growth rate data under constant amplitude
loading. In principle such results provide intrinsic material
property data for component fatigue life prediction. An
example for crack growth rate data on aluminum alloy 2024-T3
center crack tension panels is shown in Figure 3. Symbols (x)
indicate experimental results obtained from 2.3 mm thick

e~ -2
2 107 - 5024.73
oy B=23mm
E
Y 104 |
e
= =13
2 108 [t
T
v Fatigue test
x *
§ 19-3 _2;.?3 A (‘2 <R« 0.?)
G % o Fracture test
2 {w-= 38 or 150 mm)
o
§ 10 B g sl bt
w1077y 10 100
AK g (MPa 4m)
Figure 3. Plastic zone corrected effeciive stress intensity

Jactor correlations for wide range in R and
stress levels for an aluminum alloy.

896

specimens loaded over a wide range of stress ratios (2 < R <
0.7) and applied stress levels (10 < S,,, < 280 MPa)#31,
Rather than being based on compliance measurements; the
plastic zone corrected effective stress intensity factor range
{AK, was calculated from crack opening stress equations
developed from a plasticity induced closure model!'”. This
model requires a "constraint™ factor (&) which approximates the
effect of triaxial constraint on yielding ahead of the crack tip.
For plane stress, o equals 1.0 and for platie strain o is 3.0.
For the thin material, a constraint factor of 1.3 was selected for
rates greater than 7.5 x 107 m/cycle (end of the transition from
flat to slant crack growth) and o = 1.73 for rates less than 9
x 10 m/cycle (beginning of the transition from flat to slant
crack growth). For intermediate rates, o was assumed to vary
linearly from 1.3 to 1.73 and with the logarithm of da/dN.
Crack growth on a 45° plane through the thickness is indicative
of plane stress conditions, while flat crack growth indicates
nearly plane strain constraint. These particular values of o
were selected to correlate crack growth rate data for the various
stress ratio conditions. The open symbols at extremely high
rates are obtained from monotonic fracture tests on 1.8 mm
thick specimens. Stable crack extension was treated as crack
growth in 2 single cycle. (These results show that stable crack
extension during monotonic loading can be treated as a
continuation of the fatigue crack growth rate curve®?.)

For aluminum alloys, measurements and calculations
from plasticity induced closure models show that, even in the
near-threshold regime, closure can amount to a large
percentage of the applied maximum load®”. Figure 4 shows
measured (solid symbols)®! and calculated (open symbols)
threshold stress intensity range (AK,,) values for 2024-T3 sheet
material as a function of stress ratio, (AK values for negative
stress ratios are K., values.) The analysis assumed that the
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effective threshold was 1.65 MPa/m. A 6% load shedding
method was used in the tests; while two analysis methods were
used, including an incremental smooth and the 6% method®!,
These results show that the rise in the threshold value can be



calculated from a plasticity induced closure model. Some
-discrepancies were observed between experiments and analyses
for the high R ratic conditions, however, the test results were
bounded by the two load shedding procedures.

The plasticity induced closure model has also been used
to analyze roughness or corrosion debris induced closure and
to demonstrate the effectiveness of these shielding mechanisms.
Figure 5 shows how the inclusion of an interference particle
onto the crack surface affects the crack opening stress, S,
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Figure 5. Influence of an inferference particle on crack

opening stresses under constant amplitude
loading for an aluminwm alioy.

The particle was arbitrarily chosen as 2 two dimensional
rectangle (10 um by 20 am by thicknessy located at a distance,
d, from the crack tip. The dashed line shows the steady-state
results under constant amplitude loading (8., to flow stress,
o, ratio- of 0.02) and with a constraint factor of 1.73 (Irwin
plane strain condition). A particle located 10 mm from the
crack tip had no effect on crack opening stress. Agthe particle
was placed closer to the crack tip, however, complex closure
behavior was revealed. After an initial drop in the opening
stress for a particle placed between 10 and 1 mm of the ¢rack
tip, a steady rise in S, was observed for d less than 1 mm.
These results suggest that the interference must be extreniely
tlose to the crack tip to influence crack opening stresses and to
enhance crack tip shielding. ‘These results also show that
plasticity induced closure from continutim mechanics is active
at extremely small plastic zone sizes {sbout § pm). This
behavior is due to the fact that crack opening stresses are
controlled by the relative ratio of the plastic zone size to ¢rack
surface opening displacement, and not by the absolute size of
the plastic zone.
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Fatigue k Propagation s

Aluminum Alloys
Conventional Aluminum Alloys

‘The general fatigue crack propagation (FCP) behavior
of structural aluminum alloys stressed in vacuum s
approximated by an empirical relationship developed by
Speidel®h

da/dN = 1.7 x 10° (AK/EYPS
AK, =2.7x10°E

where da/dN is in units of micycle, AK and AK; are in
MPa/m and the modulus of elasticity (B) is in MPa. This
result should be employed as a guideline only, and does not
describe the behavior of novel alloy microstructures, crack
closure dominant situations, short crack effects and the
influence of environment. Crack wake closure and
environment may particularly alter near-threshold and the
power-law- (Paris) regimes of da/dN-AK behavior.

Considerable research has been directed towards
understanding the fatigue crack growth properties of
conventional high strength aluminum alloys; particularly, ingot
metatlurgy (/M) 2XXX (Al-Cu) and 7XXX (Al-Zn-Cu-Mg)
alloys. The rate of fatigue crack growth has been studied over
4 wide range of AK and R in alloys 2024 and 7075, Figures 6
and 7, respectively®3134, Ag R increases from -1.0 t0 0.70
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Figure 6. Fatigue crack growth in alloy 2024 for a wide

range of AK, at R = -1, Gand 0.7.

for alloy 2024 (Figure 6) and from 0 to 0.88 for alloy 7075
(Figure 7), near-threshold and Paris regime fatigue crack
growth rates increase by five to fifteen-fold. This large mean
stress effect is the result of decreased plasticity, roughness and
oxide induced crack closure®, Specifically, high R limits
crack wake surface contact during unloading, and results in
increased crack fip driving force and higher da/dN when
plotted versus applied AK.



Extensive research has been performed on fatigue
threshold stress intensity concepts. While specific data are
abundant, little is known about crack tip damage mechanisms
and particularly environmental effects”®>*®, Figure 8 shows
that laboratory air is damaging to 2000 and 7000 series
alloys®*37#31_ Near-threshold, intrinsic fatigue crack growth
rates are a factor of 10 to 100 higher compared to vacuum
results. The data shown in Figure 8 also reveal that 7000
series alloys exhibit increased fatigue crack growth rates
compared to 2000 series alloys, suggesting an increased
environmental sensitivity for 7000 materials.
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Systematic studies of conventional high strength
aluminum alloys established how different components of the
microstructure contribute to fatigue crack propagation. As a
general principle, irreversible cyclic plastic strain results in
crack tip damage and is recognized as the controlling parameter
during fatigue crack propagation. Microstructural features
which promote a heterogeneous distribution of concentrated
plastic strain lead to undesirable local stress concentration and
enhanced crack growth rate!*l.,  Additionally, however,
microstructural effects on FCP are traceable to crack closure!*’!
and environmental mechanisms!“S!, Identification of the precise
factor which influences cracking is often ambiguous.

Figure 9. Micrographs of: (a) the tortuous fatigue crack
path in an I/M Al-Li alloy (2090), and (b) the
flat fatigue crack path in an Al-8Fe-1.4V-1.7Si

P/M alloy (after Bray™").

Aluminum alloys are strengthened by complex
precipitate microstructures which inhibit dislocation motion.
These microstructures consist of fine metastable hardening
(precipitate) particles, high temperature dispersoids for grain
size control and coarse impurity-based intermetallic
(constituent) particles . Such second phases influence fatigue
response in ways that strongly depend on loading conditions
and environment'?**-%1, Metastable strengthening precipitates



(eg., §’, ©’ or §°) have the strongest influence on FCP. The
volume fraction, size, coherency and distribution of such
shearable precipitates and precipitate free zones associated with
grain boundary particles control deleterious plastic strain
localization at all levels of AK. Shearable matrix precipitates
control the degree of slip planarity within the crack tip cyclic
plastic zone. Microscopic cracking occurs along regions of
intense slip ahead of the crack tip; Figure 9a shows a typical
slip band fatigue fracture morphology for an Al-Li alloy. The
influence of this microstructural feature is complex. Itis likely
that da/dN is intrinsically increased by cracking along localized
slip bands® and by planar slip enhanced hydrogen
embrittlement*®!,  Planar slip also promotes crack surface
roughness; closure based reductions in da/dN may also be
realized!26:4%),

Advanced Alloys

Many advanced high strength aluminum alloys have
been developed in recent years with the aim of increased
stiffness, decreased density and improved elevated temperature
resistance. Promising materials include ingot metallurgy (I/M)
Al-Li-based alloys, powder metallurgy (P/M) alloys and metal
matrix composites (MMC). Lithium addition increases the
elastic modulus and decreases the density of precipitation
strengthened alloys. Alloys of commercial interest include Al-
Li-Cu-Zr (2090 and 2091), Al-Li-Cu-Mg-Zr (8090 and 8091)
and weldable Al-Li-Cu-Mg-Ag-Zr (Weldalite). High strength
is achieved in powder metallurgy aluminum alloys by rapid
solidification and consolidation which result in dispersions of
fine intermetallic compounds, dramatically refined grain size,
limited undissolved constituents and fewer inhomogeneities
when compared to I/M alloys. Examples include Al-Zn-Mg-
Co (7091), high temperature experimental alloys Al-5Ti-SNb,
Al-5Er-9Zr, and Al-Fe-Si-V, and lithium based alloys such as
Al-Li-Cu-Mg-Zr (644B). Discontinuous metal matrix
composites attain enhanced strength and stiffness by the

- addition of reinforcing chopped fibers, whiskers or particles to

an aluminum alloy matrix. Silicon carbide whisker or particle
based composites with a 2XXX or 6XXX matrix are
particularly attractive because they exhibit essentially isotropic
properties and are shaped using conventional methods.

Laboratory data demonstrate that the various advanced
aluminum alloys exhibit significantly different crack growth
kinetics, particularly when studied at low mean stress intensity
levels, Notably, several of these alloys exhibit improved crack
growth rate properties, attributable to enhanced crack closure.
Lithium based alloys exhibit substantially lower fatigue crack
growth rates compared to conventional alloys and the new
powder metallurgy alloys. This behavior is illustrated in
Figure 10. In addition to lower da/dN, Li based I/M alloys
exhibit higher AKy, (3 to 4 MPa/m) compared to P/M alloys
(1 to 2.2 MPa/m) and discontinuvous MMCs (2 to 3
MPa/m)#73,  Al-Li alloys are strengthened by shearable
precipitates and exhibit a tortuous crack path morphology,
Figure 9a, resulting in large crack tip shielding effects*S], At
high R, the dashed line in Figure 10, Li based I/M alloys have
reduced closure, resulting in increased fatigue crack growth
rates and lower thresholds. These FCG rates are comparable
to the values for the P/M and discontinuous MMC alloys. P/M
and discontinuous MMC fatigue cracking is characterized by
low closure, resulting from flat and featureless crack paths,
Figure 9b®!. Crack growth rates are accordingly increased
and AK,, values are decreased.
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Y, Short Crack Problem

During the last decade, the growth behavior of small or
short fatigue cracks®, sized between 5 ym and 5 mm, in
metallic materials has received world-wide attention'¥2°],
When correlated based on linear elastic fracture mechanics and
applied AK, short cracks can grow at abnormally rapid rates
and well below the large crack threshold for R > 0 loading in
aluminum, aluminum-lithium, and titanium alloys®*®!. For
steel, however, short crack and large crack behaviors are nearly
identical, except for load histories which include
compression'®), or for fatigue in aggressive environments®®”-*#!,
Such observations have caused concern in the aerospace
industry. At stress concentrations typical of aircraft structures,
short cracks initiate very early in life if the applied stress levels
are above the fatigue limit. Because the initiation and short
crack growth regimes are a substantial fraction of total life,
erroneous and nonconservative predictions of the growth rates
of short cracks has major impact on the fracture mechanics
approach indicated in Figure 1. As an example, 90% of the
life of a notched specimen of 2024-T3 aluminum alloy is
associated with the growth of cracks from 20 ym to 2 mm for
R = -1 loading; this proportion of life falls to about 55% for
high R conditions’?, Similarly, 80% of the total life of a
welded steel pipe carrying embrittling H,S contaminated oil
was associated with fatigue crack growth from 0.5 to0 21.0 mm,
with final failure at a crack length of 10 mm!®,

The growth of short cracks is strongly influenced by
load history, stress level, material and environment. The
growth differences between short and long cracks, at the same
applied AK, are more pronounced for load histories which
include compressive loading, high stress levels and low R, for
alloys which exhibit extreme crack surface roughness, and for
aqueous environments. For example, short crack growth
behavior in tests with only positive loading is nearly the same
as the behavior of large cracks for growth above the large
crack threshold®?,

There are four accepted mechanisms for anomalous
short crack behavior; each can contribute to fatigue in a given
material/environment system®®). They are: (1) the loss of
similitude which occurs when stress levels are too high and
small-scale yielding is exceeded, (2) local microstructural
features which either promote noncontinuum plastic
deformation and thus rapid crack growth, or cause severe
retardation, (3) the lack of crack closure in the early stages of
crack growth when the shielding wake length is limited, and (4)
the unique gas or aqueous electrolyte chemistry which may
develop within a short occluded crack. The exact definition, of
a short crack depends on the mechanism(s) for the rapid growth
rates.

Perhaps the most significant feature of short crack
growth behavior is propagation at applied AK levels below the
long crack threshold. This behavior impacts design life

5 The *short" crack is often defined as having a physically limited

length, but intersecting many grains along a substantial crack
front. The "small” crack is defined as being contained within a
single grain; both length and crack front perimeter are of
restricted dimension'™. Short is used in this review for each
type of crack.
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calculations. Long crack data that include a threshold clearly
cannot be used in analyses that treat the early stages of crack
growth in aluminum atloys because such data lead to prediction
of infinite life for crack sizes as much as an order-of-magnitude
larger than crack sizes that have been observed to grow to
faiture>**, Thus, the use of long crack thresholds in damage
tolerance and durability analyses is likely to be
nonconservative. This topic should be thoroughly investigated,
particularly for a variety of alloys, microstructures and
environments.

Typical results on short crack growth behavior in
2024-T3 aluminum alloy are shown in Figure 11. These data
are from single-edge-notch tension specimens tested under R =
-2 loading®?, with each applied stress level noted by a
particular symbol. The solid curves show predictions from the
analytical closure model for various maximum applied stress
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Figure 11.  Comparison of short and long crack growth rate

behavior for 2024-T3 aluminum alloy.

levels'®, The dashed line shows long crack data generated
under the same conditions. These results show a strong
influence of stress level (S,,,) on the growth rates for short
cracks, which grow faster at higher stress levels for the same
value of applied AK. To make predictions, an initial crack size
was selected as 3 um by 12 pm by 0.4 pm and an effective
stress intensity factor threshold, (AK.,q)y, was chosen as 1.05
MPa/m to fit fatigue life (S-N) data?. Short cracks in
aluminum alloys tend to initiate at inclusion particle clusters or
at voids on or near the notch root surface. Material defects in
test specimens were observed to be about the same size as
assumed in the analysis. The predictions from the model show
a similar stress level effect on the growth of short cracks.
Although the initial crack growth rates from the model were in
qualitative agreement with measured rates, the model predicted



slower rates in the mid-range than those measured. The
predicted rates approach the long crack values more rapidly
than in the test. Irwin’s plane strain condition was assumed to
occur for the growth of short cracks at the notch root. The
actual behavior, however, may be closer to plane stress for
these cracks.

At an applied stress of S0 MPa, model predictions show
that the short crack nearly arrested at a AK level of 3 MPa/m.
A prediction for an applied stress level of 49 MPa
demonstrated that a short crack can initiate and grow from a
defect, but as the crack opening stresses rise, the crack can be
arrested. The data and model predictions presented in Figure
11 strongly suggest that the lack of crack wake closure is a
dominant mechanism for the anomalously rapid and
subthreshold growth of short cracks in aluminum alloys. As
such, it is possible to describe the crack size effect analytically
for implementation in life prediction codes.

V1. Environmental Effects

The surrounding environment, perhaps more than any
other variable, exacerbates rates of fatigue crack propagation in
aluminum alloys compared to vacuum or inert gases**!. Crack
tip damage accumulates with loading due to the synergistic
interaction between cyclic plastic deformation and localized
chemical reaction. While stress corrosion cracking (SCC) may
occur during fatigue loading'®!, cyclic deformation promotes
environmental fatigue (or corrosion fatigue) below the threshold
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stress intensity for monotonic load cracking, Kisec. As SCC-
resistant aluminum alloys are developed, sub-Kjsec
environmental fatigue assumes paramount importance!$2.

The application of fracture mechanics to corrosion
fatigue crack propagation has progressed over the past 25
years!¥®. Notable advances include: (a) the demonstration of
AK similitude!®! (b) developments of experimental methods®4!,
(c) phenomenological characterizations of crack growth rate
behavior, first for high strength, then low strength alloys!“S),
(d) identification of crack closure, threshold and short crack
issues?24 () scientific studies of fatigue mechanisms*! and
(f) syntheses of life prediction methods®. This work shows
that variables which are not important to mechanical fatigue
critically affect cracking in aggressive gases and liquids™*.

Embrittling Environments

Pure water vapor, moist air, and aqueous electrolytes
with halogen ions (eg. CI') enhance fatigue crack propagation
in aluminum alloys near ambient temperature. An example is
presented in Figure 12 for an advanced Al-Cu-Li alloy
(2090)1>48:861 A constant AK and constant K,,,-increasing R
method produced these data; R increased from 0.1 t0 0.9 as AK
was decreased in discrete steps at K,, = 17 MPa/m. Similar,
stow FCP rates are produced by loading in ultra-high vacuum,
purified helium and molecular oxygen. Increased fatigue crack
growth rates are recorded for high purity water vapor and
agueous NaCl solution with constant immersion and applied

Environmental
effects on
Jatigue crack
growth
kinetics and
microscopic
cracking
modes for Al-
Li-Cu alloy
2090.

Figure 12.

Slip Band
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6 Environment adversely affects each of the progressive stages of cyclic
plastic deformation, microcrack nucleation and crack propagation
which constitute fatigue failure of a metal!®.
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anodic polarization. Moist air is an aggressive environment
relative to vacuum, with water vapor being the likely
aggressive specie given the inert character of O,.

Environmental effects on da/dN are accompanied by
transitions in the microscopic fatigue crack path. For inert
environments, fatigue proceeds by either {111} type slip band
cracking in alloys which exhibit localized planar slip, or by
crack tip shear and blunting advance leading to striations.
Environmental fatigue progresses along either high angle grain
boundaries for alloys that are susceptible to stress corrosion,
subgrain boundaries for unrecrystallized alloys, or
crystallographic "cleavage" planes of the {100} type. The
proportion of each mode depends on AK, environment activity,
loading frequency, alloy microstructure and specimen
orientation. As an example in Figure 12, environmental
fatigue in alloy 2090 occurred along subgrain boundaries at
high AK, but by {100} “"cleavage" at low AK when the cyclic
plastic zone was contained within a single subgrain*?. Stress
intensity had no effect on the {111} shp band crack path for
vacuum, helium or oxygen.

Environmental Fatigue Data Base

Most aluminum alloys are adversely affected by water
vapor bearing gases and chloride containing liquids, as
demonstrated by the compilation of da/dN-AK data in Figure
13148.63.66-781 " For immersion in 3% NaCl at moderate AK and
low R, corrosion fatigue may occur either above or below
Kisce; da/dN is increased by 4 to 100-fold relative to helium.
Crack growth in alternate immersion and salt spray
environments has not been examined. Distilled water causes

.corrosion fatigue in aluminum alloys, Cl"is not a requisite for
cracking. Only limited data exist for near-threshold (da/dN <
10 mm/cycle) environmental fatigue crack propagation in
aluminum alloys'*®66:68.79]  Ag illustrated in Figure 13, water

vapor, moist air and aqueous chloride at free corrosion are
embrittling relative to helium. Data suggest that cathodic
polarization mitigates near-threshold corrosion fatigue in
Nac1[42 66]

Wei and his students®™!, Dicus"”), and Bradshaw and
Wheeler”® conducted extensive studies of the deleterious effect
of pure water vapor on fatigue in 7000 and 2000 series alloys
at moderate AK levels. Da/dN values range between an upper
bound somewhat above rates for moist air and a lower bound

equal to rates for inert gas. Specific data are presented in
Figure 14.

Environment-Crack Closure Interactions

Crack closure must be considered when interpreting and
applying environmental fatigue data, particularly for low R,
near-threshold AK levels or rough crack surfaces. Several
closure mechanisms are unique to corrosion fatigue, including
wedging by corrosion debris or dislodged grains, enhanced
surface roughness due to intergranular cracking, fluid pressure
and environment enhanced crack wake plasticitys”).
Conversely, environment may reduce closure, for example by
causing planar transgranular cleavage cracking, as reported for
alloy 2090 in NaC1™. Owing to the difficulty of measuring
crack closure loads for specimens in gaseous or aqueous
environments, studies on aluminum alloys have been limited to
air formed oxide induced closure; an effect that is of secondary
importance®!,

-2 | HIGH STRENGTH ALUMINUM ALLOYS

) N e
e
10 \1 i

Environmental
fatigue crack
growrh data for
high strength
2XXX and 7XXX
series aluminum
alloys.

Figure 13.
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. that 7000 alloys containing Zn, Mg and Cu are more
Im Variabl susceptible to cracking than 2000 series alloys (Al-Cu-Mg)
. ) including the new Al-Li-Cu compositions. This sensitivity
The variables listed in Table 1 affect rates of corrosion  parallels the well known susceptibility of 7000 alloys to
intergranular SCC and hydrogen embrittlement®"$2, Lin and
Starke argue that those compositions and precipitate
TABLE 1 morphologies which promote localized intense planar slip

MECHANICAL, ENVIRONMENT CHEMISTRY AND METALLURGICAL.
VARIABLES AFFECTING ENVIRONMENTAL FATIGUE N Al ALLOYS

STRESS INTENSITY RANGE MEAN STRESS

CRACK SIZE AND SHAPE SPECMEN THICKNESS

LOADING FREQUENCY SPECIMEN ORIENTATION

LOADING SEQUENCE LOADING WAVEFORM
sowmion o, ', 0y, 52 WATER VAPOR PRESSURE
ELECTRODE POTENTIAL WATER VAPOR O,
ALLOY MICROSTRUCTURE ALLOY COMPOSITION

GRANSUBGRAN SIZE ALLOY YELD STRENGTH
SLIP MORPHOLOGY
PRECPITATES

TEXTURE

fatigue crack propagation in aluminum alloys, with complex
interactions being the rule®). Here, it is only possible to
indicate typical examples. Environment greatly complicates the
dependence of da/dN on AK. The simple power law typical of
inert environments, with a AK exponent between 2 and 4 and
threshold behavior, is replaced by complex da/dN-AK relations
typified by multiple regimes of power law behavior with
exponents which vary from 1 to 50. Typical examples of the
difference in inert and environmental da/dN-AK relationships
are indicated in Figures 12 and 151201 Apart from decreasing
closure with increasing stress ratio, the effect of R on intrinsic
environmental fatigue is poorly understood.

Aluminum alloy composition and microstructure affect
rates of environmental fatigue. Data in Figurg 13 demonstrate

deformation are particularly sensitive to environmental
fatigue®"). Microstructures and crack orientations which are
sensitive to SCC, for example rolled plate with high angle
grain surfaces parallel to the crack plane, are similarly sensitive
to environmental fatigue. Wei and coworkers implicate
magnesium, segregated to grain boundaries, as promoting
environmental fatigue!s®2,

Environment activity (eg. water vapor pressure or
electrode potential for aqueous solutions) affects crack growth
rates. For NaCl, da/dN values increase with increasing anodic
polarization or with strong cathodic polarization, and decrease
with mild cathodic polarization®®], Growth rate increases
with increasing water vapor pressure to a plateau level as
indicated in Figure 14%%), Sub-part-per-million levels of water
vapor cause environmental fatigue, particularly at low
frequency and high stress ratiol*?.

Loading frequency is perhaps the most important
variable which affects environmental fatigue. Crack growth
rates generally increase with decreasing frequency because
increased time per loading cycle enables increased mass
transport and surface reactions which favor chemically-based
damage!. Environmental effects are often eliminated at
sufficiently high loading rates; perhaps above 50 Hz, but
depending on- transport and reaction kinetics. Frequency
effects are predicted for environmental fatigue above Kygec, @
purely time-dependent phenomena. Here, the environmental
contribution to inert environment da/dN increases linearly with
the amount of time per load cycle while the cyclic stress
intensity is above the threshold for SCC!*”#4,  Crack growth
below Ko is both cycle and time-dependent, and is a more
complex case to predict.
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A typical example of the time dependence of
environmental fatigue below Kiscc is given in Figure 15 for

7017-T651

10°5

L

10°8

Fatigue crack growth rate (m/cycle)

10 P S 11 L1 1 . A A I L4 i1

] 10 20 30
AK,MPaVm

Effects of environment and loading frequency on
crack growth rates in alloy 7017 (After Holroyd
and Hardie™).

Figure 15.

alloy 7017 in aqueous chloride™. While cracking in inert dry
air is independent of frequency, environmental fatigue is
enhanced by decreasing frequency from 70 to 0.1 Hz. Similar
data were reported for water vapor; the results in Figure 14 are
well represented by the ratio of water vapor pressure to loading
frequency'®®>7*7 1. In rare instances da/dN increases mildly
with increasing frequency!*2,

Interactions of variables often complicate the trends
cited here. For example, the frequency effect indicated in
Figure 15 varies with AK and probably electrode potential.
Strong frequency effects at higher AK may be replaced by
frequency insensitivity near threshold*é.

Environmental Fatigue Mechanisms

One of three mechanisms is typically cited to explain
environmental effects on fatigue in aluminum alloys; hydrogen
environment embrittlement, film rupture/electrochemical
repassivation, and crack surface film effects on
dislocations!46-65-8586  These processes are speculative and the
topic of intense research.

Based on circumstantial evidence, hydrogen
embrittlement is cited as a damage mechanism for
environmental fatigue of aluminum alloys in water
vapor[4,42,68,69,74,79,87,88] and chloride electrolytes[42'6"67’7°’851. In
this view atomic hydrogen chemically adsorbs on clean crack
tip surfaces as the result of either gas molecule-surface
chemical reactions or electrochemical cathodic reduction of
hydrogen ions or water molecules coupled with local anodic
dissolution. Hydrogen production follows mass transport
within the crack environment and precedes hydrogen atom
diffusion in the crack tip plastic zone to sites of fatigue
damage. Environmental crack growth rates are limited by one
or more slow steps in this transport/reaction sequence!6%7039),
The atomistic processes for hydrogen embrittlement are
unknown,

Models of environmental fatigue were developed based
on a repeating sequence of film rupture and anodic
repassivation®®®2l, In this view localized plastic straining
ruptures an otherwise protective film at the crack tip. Crack
advance occurs during transient anodic dissolution of the metal
at the film breach and while the surface repassivates.
Quantitative models for da/dN include metal dissolution and
repassivation kinetics, film ductility and crack tip strain rate.
This model has been extensively applied to steels in aqueous
environments'®>*2 however, applications to aluminum alloys
are limited®,

Given important assumptions and adjustable parameters,
hydrogen and film rupture models quantitatively predict da/dN-
AK, as necessary to extrapolate data over a broad range of
variables™*®. These expressions emphasize the mass transport
and chemical reaction components of fatigue damage and are
capable of predicting environment chemistry, metallurgical and
time variables. A typical result is the predicted exposure
(water vapor pressure to frequency ratio) dependence of da/dN
indicated by the solid lines in Figure 14'>", These models
are, however, limited because it is not possible to directly
probe crack tip process zone damage on the microscopic scale;
the specific fatigue damage mechanism has not been defined.

Life Prediction Methods

Life prediction codes do not adequately deal with
environmental effects on fatigue crack propagation. Recent
successes have been reported for steels in offshore oil and gas
structures, and in piping and pressure vessel components of
nuclear power systems>!,

Several aspects of environmental fatigue complicate
fracture mechanics life prediction. The strong effect of loading
frequency hinders the application of laboratory data, obtained
over short time periods on the order of days, to describe the
long life (viz. years) performance of a component in an
aggressive environment. Predictions are further complicated by
the many variables which affect crack growth rate behavior.
Lacking mechanistically based models, da/dN-AK data must be
obtained for the specific time, mechanical, chemical and
metallurgical conditions of interest.
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VII. Variable Amplitude Loading

An improved understanding of the crack growth process
under constant amplitude loading is essential in the
development of crack growth life prediction methods under
variable amplitude loading. For spectrum loading, crack
growth rates tend to span many orders of magnitude and,
consequently, an accurate description of constant amplitude
data over many orders of magnitude in rates is necessary to
predict accurate lives. Constant amplitude data provide
information on microstructural effects, AK,, short crack
effects, transitions in the AK-rate curve®, flat-to-slant crack
growth, constraint (specimen thickness) effects, nonplanar
crack profiles (shear lip, mixed-mode behavior), crack closure,
stress level and stress ratio effects. To develop improved life
prediction methods, crack closure mechanisms must be
understood and analysis methods must be developed to calculate
the variation in closure as a function of load history, thickness,
environment and material.

A review of the current understanding of crack growth
processes and the status of prediction methodologies under
variable-amplitude loading is given by Wanhill and Schijve®!.
They identified an important observation from crack growth
rate tests conducted under flight simulation loading. Flight
simulation tests that are conducted on thin specimens of ductile
alloys show an initial decrease in crack growth rate per flight,
whereas thicker specimens show an immediate rise in rates, as
shown in Figure 16. The solid curves show test results on 2
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Figure 16.  Comparisons of experimental and predicted

mean crack growth rates under Mini-TWIST
spectrum loading.

and 10 mm thick center crack tension specimens made of
2024-T351 aluminum alloy®®), Both specimens had a 4 mm
sharp notch (¢, = 4 mm) at the center of the specimen to
initiate the cracks and were subjected to the Mini-TWIST??
load spectrum (clipped at level III) with a mean stress, S of
70 MPa. The dashed curves show the predicted crack growth
rates from the analytical crack closure model!” using the
variable constraint option?"%! to correlate the constant
amplitude data. The predicted rates agree well with the
measured rates, especially for the thick material. Some
differences were observed between the experiment and analyses
in the early stages of growth in the thick specimen. This
discrepancy may be due to faster crack growth in the interior
of the specimen than at the surface. The early stage of growth
in the thin specimen was predicted quite well by the closure
model. The ratio of predicted-to-test lives (from ¢ = 4 mm to
failure) were 0.68 and 1.06 for the thin and thick specimens,
respectively, Blom™® has shown similar results under the
TWIST spectrum, using the variable constraint method that was
developed in the FASTRAN code. Future damage tolerant
codes should incorporate advanced closure models (eg.
Reference 17) to improve predictive capabilities.

VI, Future Directions

While the fracture mechanics approach provides an
effective means to characterize and to predict fatigue crack
propagation in aerospace aluminum alloy components,
significant research and engineering uncertainties must be
addressed.

Experiments must be conducted to determine:

) Environmental effects on near-threshold
crack propagation, particularly as a
function of loading frequency, and
identifying the contributions of extrinsic
closure and intrinsic fatigue damage.

(2)  Fatigue crack propagation behavior of
advanced light alloys and composites.
Environmental effects, crack closure,
spectrum loading effects and the extent
to which fatigue damage is distributed or
heterogeneous and not described by
continuum fracture mechanics must be
defined.

(3)  Environmental fatigue crack propagation
under complex spectrum loading,
including the effects of single and
multiple over/under-loads and load
history.

G)] Crack closure phenomena for
aggressive environments.

(5)  Fractographic descriptions of the
micromechanisms of fatigue crack
propagation as a function of the
controlling variables, particularly
environment.
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©) Accelerated measurement of near-
threshold da/dN and for in situ
monitoring of defect-based initiation,
early crack growth kinetics and closure
evolution for microstructurally small
fatigue cracks in inert and aggressive
environments.

(7)  Measurement of fatigue crack chemistry,
surface reaction kinetics and crack tip
process zone microscopic damage.

Modeling must be conducted to address:

(1)  Crackclosure in aggressive environments
and under complex loading histories.
Models must be developed for roughness
and corrosion product mechanisms.

(2 Hydrogen production or film
formation/rupture, integrated with
microscopic process zone fatigue damage
to predict environmental da/dN-AK.

3) Life prediction codes which incorporate
environmental effects on crack growth,
extrapolated from short term laboratory
data.

(4)  Life prediction codes which incorporate
short crack effects, crack closure and
spectrum loading.

&)} Comparisons of code predictions with
damage sensor data and large scale
component experiments.
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