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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.
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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



-13-

A. Long Crack Threshold Test
4

é 4 Long

‘ C crock

e /.
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8. Removal of Wake
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Machine o Removal
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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




-20-

aK (ks vin)
S §

ST F 2 8 9 )0 20

s ' T T T rrrl T

g 7150 ALUMIN o

End’ R=0.10 R=0.75

; UA o) ° “;-'-

Q PA a ™ mﬁa}__

8 o : ¢ P fp ® 03

ig* ' Q Qe ®

5 Y

3 ¥ A %&5 2 -

: ‘." % 6 R=0.10 ot
] o

26 R=0.75 s 08 g

S Fﬁ‘f. o8 £

(L4 8 z

g " e 10°7 i

£ h-J

a6 o A&%

] . 8 /‘Underaged

: 10‘/0!399(’ (6 %\ ;pl:éu'r:%._. 1078

: 6’ Qé 9 Peak'Aged per cycle

a 8

2 8 . 2 B "

g Threshold, AKTH

O35 R I W N W N O I N B {

| 1 ]

3 4 3 6 7 86 9 10
ALTERNATING STRESS INTENSITY, AK (MPoym)

Fig. 4.2: Variation in fatigue crack growth rate (da/dN) as a function
of stress intensity range ?AK) for I/M 7150 aluminum alloy
tested at R = 0,10 and 0.75 in controlled moist air. Data
are shown for underaged, peak-aged (T6) and overaged (T7)
microstructures.

AR B SN

e e ¥ ”a” n'\d' PR SR



A
‘sninpow s,6unop 3 pue YIbualls prathk ayy O ‘sazis auoz d1ise(d wwixew pue 317240

6% xew

A A xew . A v
1 213um *(3°02/ W) = QOLIV BUE (07 TMIUZ/T = T R/ L2/T = T3 wo1y pajnduo)

553135 arTsua} wnwixew jo auerd uo yjbuat paioafoid o3 yjbuat »oeid 1e301 4o oriey
e

xXe

w v
ayy are 1 pue

ML
W ‘prousaul aul v

£ 0 €1 8% 70 91°1 sL°0
90°1 € SL 0 0s L S°1 €€°2-¢2°2 ot'o Vo (¢£1) pabe1aag

92°1 £\ 88°0 0ov LA 62 1€°¢-s0°¢ 01°o wn pabeiapun

Xew utw
(wu) () (wrl) (urt) (wed) oW W)
J
1jawesed  ssaupryl Uy corow  wwixew  oraks M o118y Peo1 3pod
t‘wwoggx hd ap1xQ » .—.‘
Teaut) ssaoxy  UTUIXEN +.m~wm 3007 J131se1d

GL°0 pue OT°0 4O SOTIEY peo 3e AorTy OSTL 104 BIBQ PTOYSaIyL :1°y 3Tqel




- - e w.s

-22-

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.

LS MR I s o e AR Al At S SR L

il L CAER W RNV 3 Y A MR



. - - -

L

fRAR” m®
IO ,¢'..‘ 0.0 W,

»

-26-

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).
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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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g Fig. 5.3: Fatigue crack growth behavior, in terms of crack length
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N removal of material in the wake of the tip of arrested crack
(remaining fatigue crack length & = 500 um). Data are shown
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