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ABSTRACT The present investigation consisted of a study of fatigue crack initiation and
growth in two high-strength technical Al alloys (Al 2024 and Al 7475) differing in mechanical
properties and microstructure. Emphasis was on experiments at low load amplitudes slightly
below and above the fatigue limit. Attempts were made to investigate the effect of stress ratios
(—1 =R =0.7) and to provide quantitative information on both the short crack and long crack
growth behaviour for identical specimen material, orientation, and test conditions. To determine
closure stresses a dynamic compliance technique was developed and the crack opening
phenomena followed by microscopy methods. Initiation and growth of fatigue cracks were found
to be strongly dependent on microstructural features (second phase particles, grain boundaries).
A comparison of the growth behaviour of both microstructurally-short and physically-short
cracks with that of long cracks shows that the peculiarities of short crack growth can be partly
related to crack closure phenomena.

Introduction

Since the early observations by deLange (1) on the apparently anomalous
growth of fatigue microcracks and the subsequent findings of Pearson (2) that
fatigue cracks show the characteristic long crack growth behaviour only beyond
a certain crack length, the phenomenon of short crack behaviour has attracted
considerable interest. The magnitude of research efforts and the increasing
number of pertinent publications reveal not only academic interest but also
technical relevance and engineering consequences of the short crack
problem (3)(4).

The state of knowledge on the behaviour of short fatigue cracks has been
documented and reviewed in several publications (e.g., (5)—~(11)) and in
contributions to the Euromech colloquium 151 on the creation and behaviour
of such cracks, e.g., (12).

In spite of the world-wide research effort, some aspects of short crack
behaviour still appear ill understood (13). Information on initiation sites in
pure metals and technical alloys is controversial (e.g., (2)(5)(14)—(19)). In
contrast to long fatigue cracks (L.C) there exists no adequate definition of the
growth mechanisms, the crack tip stress/strain fields, or the interactions with
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microstructural features, for short fatigue cracks (SC). The specificities in SC
growth have been associated with closure effects which vary with increasing
crack length (11)(15)(20), and mechanisms which give rise to closure with
increasing crack length have been proposed (21)~(24). Considerable attention
was given to the interaction of SC with crystallographic features, the effects of
microstructure (12)(25)(26)(43), and the effects of crack deflection at grain
boundaries (27)—(29). Only a little information can be found about the effects
of stress ratios on SC behaviour (11)(25). Investigations on SC growth in
notches (18)(19)(30) indicate no difference to plain specimens as long as the
testsare carried out at low stress amplitudes (negligible notch plasticity effects).

Many investigators found it convenient to present SC growth data in
combinaton with LC data as a function of the stress intensity range, in spite of
the fact that the applicability of the K concept to cracks smaller than a critical
size was already questioned by Kitagawa (38). The breakdown of the similitude
requirements of LEFM in the case of SCs was pointed out in several
publications (e.g., (3)(6)(8)).

Various hypotheses have been proposed to quantify the transition from SC
to LC behaviour (9)(31)-(37). Based on a diagrammatic presentation of log
stress-range versus log crack-length first suggested by Kitagawa (38), three
regions of growth behaviour can be differentiated, i.e.: (i) the SC region in
which the presence of a SC does not affect the plain specimen fatigue limit; (ii)
a transition region in which the threshold stress for fatigue crack growth is
gradually lowered with increasing crack length (EPFM considerations); and
(iii) the region in which the growth of a fatigue crack follows LEFM relations,
i.e., the LCregion. Several authors have employed such a type of presentation
for a general description of SC behaviour, but, little quantitative information is
available with respect to the extent of these three regions and, in particular,
how variations in stress ratio influence the respective border lines (39). As
indicated in Table 1, LC growth behaviour in Al alloys was reported by various
authors to occur beyond a crack length of 100-300 wm. Recent experimental
results (16)(17) indicate that the border between SC and LC behaviour can be
defined uniquely by applying the value of the effective threshold stress inten-
sity, assumed to be a material parameter which can be determined experimen-
tally and should remain unaffected by the stress ratio.

A considerable amount of information regarding SC behaviour has been
published for engineering high-strength Al alloys, as summarized in Table 1. It
can be seen that most of these investigations were carried out at relatively high
stress amplitudes approaching the yield strength of the alloys, and in general for
only a relatively small number of loading cycles. Thus, experimental values
listed for fatigue limits and threshold stress intensities may be higher than the
true limiting values. A direct comparison of SC and LC behaviour is frequently
lacking for the same material.

The present investigation consisted of a detailed study of fatigue crack
initiation and growth in two high-strength technical Al alloys differing in

SHORT FATIGUE CRACK GROWTH BEHAVIOUR IN Al 2024 AND Al 7475

Table1 Published information on short crack growth behaviour in Al alloys
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mechanical properties and microstructure. Emphasis was put on performing
the cyclic experiments at low load amplitudes slightly below and above the
high-cycle fatigue limit or the threshold stress intensity. Attempts were made
to investigate the effect of mean stress, and to provide quantitative information
on SC and LC growth behaviour for identical specimen material, orientation,
and test conditions. For the determination of closure stresses a dynamic
compliance technique was developed and the crack opening phenomena
followed by microscopy methods. Experimental data were compared to FEM
calculations on the extent and shape of plastic zones at the tips or in the wake
of short and long fatigue cracks.

Specimen materials and experimental techniques:

In a continuation of previously published studies on the long crack (LC) and
short crack (SC) growth behaviour (16)(17) further measurements were carried
out on the high-strength alloy Al 2024-T3. Specimens from the same lot were
available for detailed investigations of the closure effect and the transition from
SCto LC growth. In addition, specimens from a batch of the alloy A17475-T761
were selected for a comparative study. This alloy is known to exhibit higher
strength, fracture toughness, and, in particular, higher stress corrosion cracking
resistance than alloy A1-2024.

Composition, heat treatment, grain dimensions, and tensile properties of the
specimen materials supplied in plate form (2 and 6 mm thickness) are listed in
Table 2.

The thermomechanical pretreatment of the plate material resulted in a
typical pancake-type grain structure. Both alloys were found to contain several
Pphases, in agreement with published information (47) coarse particles were
identified by EDAX analysis to correspond to the following intermetallic
compounds.

Al 2024:  insoluble coarse particles of Al,, (Fe,Mn);Si and Al,Cu,Fe;
partially soluble Mg,Si, Al,Cu,Mg;
and, in recrystallized material, Al Cu,Mg.

Al7475:  insoluble coarse particles of Al Cu,Fe;
partially soluble Mg,Si, dispersoid of Al;,Mg,Cr.

No attempts were made to investigate the nature and morphology of the
hardening precipitates (i.e., AL Cu,Mg in Al 2024 and Mg(Al,Cu,Zn), in
Al 7475 (47)).

Pertinent information on test procedures and specimen geometries for both
alloys are summarized in Table 3 and are briefly discussed below.

(/) For the conventional S-N fatigue tests (using a ‘LF’ Schenck servo-
hydraulic test system at —1 = R = 0.75, and 40-80 Hz, specimens with
cylindrical gauge sections were machined from the plate material. However at
low stress amplitudes (near the fatigue limit) experiments were performed on a
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Table2 Specimen materials and properties

Chemical composition (weight %)

Element Al 2024 (nominal ) Al 7475 (actual)
Cu 4.5 1.8
Mg 1.5 2.3
Mn 0.6 0.5
Si 0 0.04
Zn 0 5.8
Cr 0 0.22
Fe —_ 0.10
Ti — 0.003
Al balance balance balance
Heat treatment Al 2024 Al 7475
Commercial T3 T761
Grain size (mean intercept method) (um)

Alloy Al2024 Al 7475
Plate thickness (mm) 6 2 6
Orientation:

longitudinal, L 120 150 350

Transverse, T 65 80 150

Short transverse, ST 25 20 20
Tensile properties

Alloy Al2024 Al 7475
Plate thickness (mm) 6 2 6
Orientation L L T L T

0y.2 (MPa) 345 463 449 482 475

oyrs (MPa) 450 510 514 526 543
A(%) 14 15 15 12
HV . . ) 161 170
Dynamic Young's Modulus (GPa) 72.5 70.5 71.4

‘HF’ resonance system (R = —1, test frequency 20 kHz) (48). HF-SN data
were obtained with specimens of either a cylindrical gauge section or with
specimens of a rectangular cross section containing a mild notch. In the latter
case the stress amplitudes listed in Table 3 correspond to the surface stress in
the root of the notch, determined experimentally with miniature strain gauges.
These values were found to be in good agreement with values calculated bya
stress concentration factor computed for this notch geometry by finite element
methods; see Fig. 1.

(i) The long-crack (LC) growth behaviour was studied at LF frequencies
with standard compact-tension (CT ) and centre-notched (CN) specimens.
Fatigue crack growth data were determined in accordance with the proposed
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Table3 Test methods and specimen geometries

Specimen orientation

Specimen geometry Specimen  Crack growth
Testmethod Stress ratio (plate thickness) axis direction
S-N data (endurance limit)*
LF, Ny = 1% 107 —-1<R<0.75 cylindrical (6 mm) L T
HF, Npoxy = 2X 108 R = -1 cylindrical (6 mm) L T
(gauge section4 mm T L
diam.)

LC growth data (da/dN-AK, AKy,, ARy )T
LF -1<R<0.75 CT,CN (6 mm) L T

T L
HF R= -1 CN (6 mm) L T

T L
SC growth data (c-N, de/dN—c)
LF R = 0.05 side notch (2mm) L ST
HF R=-1 side notch (6 mm) L ST

L rolling direction

T  transverse directon

ST short transverse direction

* Al 7475 tested only at R = 0.05.

T Al 2024 tested only with stress axis in the L direction.

ASTM standard procedure (49)(50). For the HF tests CN specimens were used,
containing either a through-thickness starting notch or a lancet-shaped surface
notch giving rise to semi-elliptical crack growth (ASTM Standard Practice
E740-80 (51). Threshold values corresponding to fatigue crack growth rates of
less than 1 x 107 m/cycle were obtained by a strain shedding technique (52).
The computational procedure developed for the HF tests have been reported
for through-thickness cracks (50) and for semi-elliptical surface cracks (52).
Following ASTM recommendations, only the tensile part of the stress cycle at
negative R values was taken for the calculation of AK,.

(iii) The crack closure stress (defined here as the first contact of crack
surfaces at diminishing cyclic amplitudes) and the effective threshold stress
intensity values were determined by the test procedure described in reference
(50).

(iv) The SC growth behaviour was studied with full-thickness plate specimens
of rectangular cross-section. Cylindrical side notches were machined into one
of the narrow sides of the specimens in order to reduce the surface area to be
scanned during cyclic loading. To calculate the surface stresses in the notch root

a S N
SR \\\\\\\\
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Fig 1 Stress determination of a side-notched specimen with K, = 2.468
(a) Finite element discretization
(b) An isostress plot

we used stress concentration factors computed by FEM. The selected notch
geometries resulted in nominal K, values between 1.1 and 2.97. For the low
stress amplitudes applied in these tests (maximum surface stress always smaller
than the yield strength) it was assumed that effects of notch-root plasticity can
be neglected.

To observe the initiation and to follow the growth behaviour of short fatigue
cracks under LF test conditions a SEM-replica method was applied. Plastic
replicas were prepared of the specimen surface after appropriate numbers of
loading cycles and micrographs recorded of corresponding surface areas.
During the HF tests the specimen surface could be directly examined at high
resolution under a light microscope. This is possible because of the fact that, for
specimens excited to resonance vibrations at the lowest ‘eigen’ frequency,
the maximum in strain amplitude in the mid-section of the specimen coincides
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with the location of zero displacement. The microscopic observations were
continuously recorded on video-tape (synchronously with pertinent experi-
mental data) to permit a post-test quantitative evaluation. The SC growth
measurements were extended to more than 107 loading cycles for each applied
stress level. In this way information on retardation or halting of the crack
growth, and on the interaction of the advancing crack with microstructural
features could be collected with high sensitivity.

Experimental results

S—N data

Fatigue life curves determined by HF tests for both alloys at R- = —lare shoyvn
in Fig. 2. The data points obtained by LF testing fall within the respective
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unbroken specimen tested at 50 Hz. Stress axis parallel to L direction
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Table4 Effect of stress ratio on fatigue strength of Al 2024 and Al 7475

Alloy Al 2024 Al 7475
Test method LF HF LF HF
Noax 1% 107 2 % 10% 1% 107 2 x 10°

Endurance limir (MPa) at:

R = -1 147 128 142 148
R = 0.05 117 115
R =105 76 80*
R = 0.75 45 45*

* Taken from literature.

scatterbands, indicating the absence of a pronounced frequency effect on
fatigue life. Microscopy examination of the specimen surface in the gauge
section of unfailed specimens revealed the presence of non-propagating micro-
cracks. The S-N curves reveal that a true fatigue limit may not exist or may not
be reached prior to 10 loading cycles.

An extensive investigation of the effects of test frequency in the applied
frequency range (53)(54) has shown that, for ductile fcc materials, a small
frequency effect on the fatigue limit and the threshold stress intensity of long
cracks can be attributed mainly to thermally activated processes. For high-
strength materials the frequency effect in the near-threshold regime can be
considered as practically negligible (50).

The effect of the stress ratio R on fatigue life of A12024 and Al 7475 can be
deduced from the values listed in Table 4.

Long crack growth and threshold behaviour

Fatigue crack growth curves for Al 2024 tested at various R values have been
published previously (50). The FCG behaviour of A12024 and Al7475 is shown
in Fig. 3.

The effect of stress ratio, specimen orientation, and test frequency on the LC
threshold stress intensity of both alloys can be deduced from Fig. 4. It can be
seen that for the same orientation the threshold values of the stronger Al 7475
fall below that of Al 2024 over the whole range of R.

This difference is also apparent in the values of the effective threshold stress
intensity plotted for both alloys in the same diagrams. It should be noted,
however, that the values of AKy, and AKy, . could only be determined with an
accuracy not better than 10 per cent.

Metallographic observations do not show any resolvable plastic zones
associated with the crack advancing near threshold in both alloys. In Al 7475 a
tendency to localized decohesion along glide planes (resulting from the preced-
ing cold work) can be recognized. An evaluation of the fracture topography,
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and effective threshold stress intensity

however, reveals a difference in the crack path irregularity between the two
alloys. This irregularity can be expressed by a roughness parameter (55), i.e.,
the ratio of the actual length of the crack at the specimen surface and the length
of the crack projected onto a straight line normal to the stress direction,
lact/lpmj. This roughness parameter was determined for Al 2024 as 1.15 and for
Al 7475 as 1.05. Thus, the differences between threshold and effective
threshold values in Al 2024 and Al 7475 appear mainly to be due to various
degrees of geometrically induced closure, with oxide induced closure a possible
contributory factor.
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Al 7475

Short crack initiation and growth

Microscopy observations during R = —1 fatigue loading (see Fig. 5), revealed

that crack nucleation occurs in Al 2024 at fractured bulky (Fe,Si containing)

intermetallic particles, the fracturing taking place during fatigue. In Al 7475

crack nucleation proceeded occasionally along a particle/matrix interface, but

also inside a grain and apparently related to a slip band. Cracking of inter-
; metallic particles during fatigue loading was not observed in Al 7475.

The growth of such microcracks in Al 2024 is represented in the ¢-N and
dc/dN—-c curves of Fig. 6. Here ¢ represents the half-length of the surface crack
which was assumed to be semi-elliptical. The penetration, a, of these surface
cracks, was determined by fractographic evaluation of specimens ruptured
after completion of the short-crack measurements. A shape factor a/c decreas-
ing from 0.9 to 0.6 for fatigue cracks increasing from ¢ = 20to ¢ = 300 Mmwas
found for A12024. The np line of Fig. 6(a) represents an initially non-propagat-
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Fig 7 Growth behaviour of shert cracks in Al 7475-T761 during cyclic loading at R = —1 and
20 kHz. Crack plane parallel to ST

ing microcrack which continued growth after a slight increase in stress
amplitude (interacting with microstructural features such as grain boundaries)
up to a length of 110 pm as shown in the micrograph, Fig. 6(b).

Similar curves for A17475 at R = —1 are showninFig. 7and for R = 0.05in
Fig. 8 for two different stress levels. These stress levels correspond to crack
initiation after 10* and 10° loading cycles, respectively, and thus fall above the
HF S5-N curve. The equivalent stress levels for the tests at R = —1 are only
slightly larger than the fatigue limit at N = 5 x 10® of the corresponding S-N
curve. An evaluation of the effect of stress levels on the short crack growth
behaviour must take into account that the S—N curve for R = —11is above that
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Fig 8 Growth behaviour of short cracks in Al 7475-T761 during cyclic loading at R = 0.05 and
50 Hz for two stress amplitudes. Crack plane parallel to ST

for R = 0.05. A non-uniform crack tip advance can be recognized up to a
characteristic crack length which is considerably shorter for Al 7475 as com-
pared to Al2024. Beyond this length the cracks appear to advance uninhibited.
The microscopic observations indicate that the advance of both tips of a crack
at the specimen surface does not always occur at equal rates.

Crack growth rates deduced from the above ¢~N curves are also plotted as
function of crack length for Al 7475 in Figs 7 and 8. The higher cyclic stress
levelsin the R = 0.05 tests result in faster crack growth rates than in the case of
R = ~1. Retardation of the crack advance occurred when a crack tip
approached a grain boundary. The degree of this retardation can be deduced
from the numbers of loading cycles required to initiate a resumption of crack
growth in the next grain. In the case of the low-amplitude HF tests at R = —1
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retardation was observed to extend up to more than 10° cycles, while in the LF
tests at R = 0.05 at the higher cyclic amplitudes the grain boundary retardation
amounted typically only to 10° cycles. Consequently, the minima in the
respective LF growth-rate curves are less pronounced, with intermittent
maxima somewhat higher due to the higher stress amplitude.

A cessation of the interaction of the advancing crack with microstructural
features (predominantly grain boundaries) can be recognized in the dc/dN
curves at characteristic values of crack length, depending on stress amplitude
and stress ratio.

Topographical features of short fatigue cracks

Optical and electron microscopy observations revealed typical features of the
crack path which appear to characterize short crack behaviour and the transi-
tion from short crack to long crack growth. A clear transition in the crack
advance from Stage I (transcrystalline crystallographic) to Stage II (trans
crystalline non-crystallographic) with an intermediate transition region
(localized crystallographic Stage II) for A12024 could also be deduced from the
micrographs for Al 7475; Fig. 9. For Al 2024 this transition was found to

Fig 9 Micrograph of a short crack in Al 7475-T761 after cycling at R = —1 and 20 kHz at a
stress level of o, = 0.340,,. The transition length 2c; is indicated by arrows and marks the
change from transcrystalline Stage I to crystallographic Stage II crack propagation
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Table 5 Characteristic crack lengths for transition from short-crack to long-crack growth

behaviour
Stress
amplitude AKy AK,,,,cf{ Coff cr c, c;
Alloy R (MPa) Npwe  (MPam'?) (MPam'?) (um) (um) (um) (um)
Al2024 -1 128 5 x 108 2.15 1.3 90 110 140 400
Al7475 -1 148 2 x 108 1.62 0.9 30 45 — —
0.05 356 1.8 % 10° — — _ 40 — —

correspond to a characteristic crack length, apparently not related to the grain
dimensions (17). The measured transition length ¢y for alloys A12024 and 7475
are listed in Table 5. It is interesting to note that this characteristic transition
length compares reasonably well with the critical crack length indicated in the
de/dN-c curves from constant amplitude fatigue tests at which the marked
retarding effect of grain boundaries ceases.

Discussion

Transition from short-crack to long-crack growth

Pertinent test results for A12024 are summarized in the Kitagawa-type diagram
of Fig. 10. It can be seen that the sloping line computed for AKy, of a
semi-elliptical crack intersects the horizontal line corresponding to the fatigue
limit (N = 5 x 10%) at a crack length, termed c; in the literature, of approxi-
mately 240 pm. As will be shown in the following this mathematical value
appears to have little physical meaning. Comparable results were also found for
through-thickness cracks.

If we assume that the horizontal line resembles the true fatigue limit we may
surmise the absence of propagating SCs below this line. Indeed, metallographic
observations failed to reveal even non-propagating microcracks below this
stress level. Above this stress level microcracks were observed which exhibited
characteristic SC behaviour (crystallographic transcrystalline through entire
grains) in the stress range up to approximately 1.5 times the fatigue limit.

As described earlier (16)(17) the threshold behaviour of such SCs was
investigated by the following test sequence. A specimen was loaded at consecu-
tively increasing amplitudes until crack nucleation and slow short crack growth
to a crack length by 80 wm had occurred. Then the amplitude was lowered to
approximately half of the fatigue limit, at which no further crack growth could
be detected. A step-wise increase in loading amplitudes after each 107 cycles
was repeated until a resumption of crack growth became noticeable; the
corresponding stress amplitude was recorded as the threshold for growth of this
particular SC. The test sequence was repeated for the same crack atincremental
length values. The results are indicated in Fig. 10(a) by data points. It is
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interesting to note that resumption of crack growth occurred initially indepen-
dently of crack length just above the fatigue limit. Beyond a crack length of
approximately 140 um (c, in Fig. 10(a)), a reduction in threshold stress became
apparent. An extrapolation of the curve interconnecting these data points
showed that the AK,, line is approached at a crack length of approximately 400
wm, that is, ¢, in Fig. 10(a). For cracks longer than this value the growth
behaviour should obey conventional LEFM criteria.
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The results show that SC growth below the fatigue limit takes place only
in the narrow field between ¢, and c¢;. Otherwise, SC growth behaviour
(Stage I) prevailed in a small range above the fatigue limit, but only slightly
to the right of the AK,, line, at which crack propagation changed to crystallo-
graphic Stage II. Longer cracks proceeded by the non-crystallographic Stage I1
mode.

Short crack growth and effective threshold stress intensity

Presuming the absence of closure effects for SCs it appears plausible that the
SC growth behaviour ceases at a crack length corresponding to the intersection
of the sloping line calculated for the experimental value of AKy, ¢ and the
fatigue limit line, as shown by c. in Fig. 10(a). We propose that the LEFM
crack growth laws can be applied to cracks longer than c., provided AKyp e is
used instead of AK;,

Replotting the threshold stress intensity values as a function of crack length
one finds a fall-off from the LC-AK, at a crack length corresponding to ¢, along
a line intersecting the AKy, o level at the crack length of ¢y = 90 pm (Fig.
10(b)). It should be pointed out, however, that the AK;, calculations have been
carried out using an experimentally determined shape factor for cracks decreas-
ing from ¢ to Cug.

A further indication for a transition from SC to LC growth is apparent from
the metallographic observations of crack path topography. As described
above, crystallographic crack growth across entire grain diameters (at approxi-
mately 45 degrees to the stress axis, Stage I) changes with increasing length first
to crystallographic Stage II (along segments of crystallographic planes zigzag-
ging along a plane normal to the stress direction) and finally to conventional
Stage II (non-crystallographic transcrystalline, essentially normal to the stress
direction). The transition from Stage I to Stage II was found to be associated
with a characteristic crack length, ey = 110 wm. This transition length should
again be related to the minimum length beyond which LEFM relationships may
be applied to characterize crack growth.

A comparison of the crack growth behaviour, dc/dN, with the calculated
AK,, values as a function of crack length, Fig. 11, shows clearly the relationship
between cessation of anomalous short-crack growth (retarding effect of grain
boundaries) at a crack length slightly larger than c.;. Up to a crack length ce
characteristic short crack growth occurs, indicating reduced effect of closure.
Between ¢ and c; transition to long crack behaviour takes place. A summary
of data on critical crack lengths is included in Table 5. The differences between
Ceit» C1»> and ¢, may be due to the differing degrees of sensitivity of the respective
test methods and actually may correspond to one and the same characteristic
crack dimension. Moreover, part of the inconsistencies may be due to the fact
that all the test results cannot be obtained from the same specimen, although
all tests were carried out with specimens of the same orientation.
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Fig 11 Relation between growth behaviour and threshold stress intensity values of a ‘short
crack’ with successively increasing length in Al 2024-T3

The test result for both alloys are compared in Fig. 12, which shows that the
value of c 4 for Al 7475 is considerably smaller than for Al 2024, providing an
explanation for the experimental difficulties encountered in monitoring SC
growth behaviour in Al 7475.

To reveal the influence of the stress ratio on SC behaviour an attempt was
made to plot the experimental results for the range of —-1 = R=0.75ina
Kitagawa-type diagram. Following a procedure employed by Usami and Shida
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Fig 12 Comparison of crack growth behaviour in the two alloys. Note the significantly smaller
value for c.y in Al 7475

(39) the LF data for A12024 are presented schematically in Fig. 13 in a modified
maximum-stress versus crack size diagram. The sloping lines were calculated

according to the relation
AKm/(l - R) = Kth'max = Omax F(CUZ)

(where F is the geometry function) while the horizontal lines represent the
fatigue limit as a function of the maximum stress (alternating stress plus mean
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Fig 13 Semi-schematic presentation of the effect of stress ratio in Al 2024-T3

stress). It is interesting to note that in this presentation the intersection of both
sets of lines occurs almost independent of the R value at a comparable crack
length, c,.

Under the assumption that the effective threshold stress intensity, AKy, o,
corresponds to the range between zero (at crack opening) and the maximum
stress intensity actually encountered at the crack tip, Ky eermax, the sloping
‘effective’ line can be plotted according to the relation

—_ 1/2
Kth,eff,max = Oeff max F(C )

The intersection of this ‘effective’ line (which corresponds to the whole range
of R values) with the respective fatigue limits gives then the values of the critical
crack length, c.s, which resemble the border between SC and LC growth
behaviour.

Non-closure of short cracks

Although at the present crack closure stresses cannot be measured with
sufficient accuracy for cracks shorter than 500 wm, an indication of the closure
effect can be obtained from the onset of a residual crack opening under zero
load. As shown in the micrographs of surface replicas prepared at successive
growth intervals of a particular short crack in Al 7475 (Fig. 14), lobes on the
replicas associated with portions of the microcrack can be taken asan indication
of non-closure of the mating fracture surfaces. The length of the cracks at which
such lobes can be recognized first in the replicas is just slightly shorter than the
measured transition length, 2¢y.
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Fig 14 Scanning electron micrographs of surface replicas showing the development of residual
crack opening with increasing length of a short crack in Al 7475-T761 cyclically loaded at R
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For a comparison of our test results on crack opening phenomena with data
published by Lankford (45) one should take into account that Lankford’s
experiments were carried out at much higher stress levels, thus giving a
considerably increased notch tip plasticity than in the case of our low-stress
loading.

Plastic zones associated with short cracks

As discussed above there is experimental evidence for a characteristic transi-
tion length, c., from microstructurally short cracks to elasto-plastic short
cracks, and another characteristic transition length, c;, to long cracks obeying
a conventional LEFM growth relationship. The development of closure
between ¢, and ¢, is expected to include not only plasticity-induced closure but
also roughness-induced closure. In some cases, depending on material and
environmental combinations, oxide induced closure may also be a contributing
factor.

To verify, at least qualitatively, such closure development, and to obtain
another estimate of the length ¢ &, we shall consider in the following the pure
plasticity effects of short, as compared to long, cracks. The results to be
discussed are valid for Al 2024-T3 and are described in detail in (56). The
calculations were carried out for a three-point bend specimen under a state of
plane strain (which is supposed to be prevalent at the growth rates applied in
the present investigation) and subjected to a constant cyclic load with a stress
ratiocof R = 0.

The numerical procedure described earlier (32) consists of elastic—plastic
finite element calculations taking into account the propagation of a crack by
releasing the crack tip node, changing the boundary conditions, and solving the
contact problem occurring at the crack surfaces. In the computer program an
initial isotropic strain hardening was assumed; the finite elements were two-
dimensional triangles with cubic base functions. The initial crack length was
taken as 10 um and the size of the crack tip element was chosen to be 1.25 um.
Since the mesh in the vicinity of the crack tip was fine, it was expected that the
correct crack tip singularity would be obtained.

In Fig. 15 some of the computed results of plastic zone sizes and shapes are
shown. In Fig. 15(a) the plastic zone is shown for a very short crack of 10 um
length subjected to a nominal stress intensity range of AK = 2.31 MPaV/m.
These results should be compared to results for a long crack with a length equal
to one half of the specimen width and subjected to approximately the same
driving force as for the short crack, AK = 2.56 MPa\/m, as shownin Fig. 15(b).
We find that the local plastic flow is much easier in the case of the short crack
than for the long crack, probably attributable to a reduced plastic constraint. It
is also interesting to note the entirely different shapes of the plastic zones of
short and long cracks. To produce approximately the same extent of the plastic
zone as for the short crack at AK = 2.31 MPa\/m, a nominal driving force of
AK = 6.4 MPaV/m has to be applied to the long crack, Fig. 15(c).

SHORT FATIGUE CRACK GROWTH BEHAVIOUR IN Al 2024 AND Al 7475 61

/\/

da short crack]
AK = 2,31 MPa YW
"?-:\\.\
\ - -\
\ \\
A} N
LN \
et N
= = T
N, A
\\' SV \‘ J
0.01 Nove T
AL A AN

h /\’ long crack/\’

AK = 2,56 MPaVm

0.0 mm N

o |‘_“\ /\/
C 4% long crack V
AK = 6,4 MPavTh
’l""c\
A
// \
o
P )
A 2
! ]
e e ¥
RN
\ ot ond
\. N we %
0.0V O &

Fig 15 Shape and extent of plastic zones associated with the tips of short and long fatigue cracks
from FEM computations

All the nominal stress intensity ranges mentioned above were calculated
from the elastic displacement field by LEFM techniques.

As shown in Fig. 15(a), the plastic zone is formed in the direction of the
maximum octahedral shear stress ahead of the crack tip, whereas no plasticity
is contained in the wake of the short crack. This may indicate that the crack
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computations

favours a continued growth in slip planes oriented in this direction, a fact which
is corroborated by experimental observations. If, instead, we consider the case
of the long crack, we may predict that the crack would favour a conventional
Stage II growth and that extensive plasticity would be left in the wake of the
propagating crack. This in turn would cause plasticity-induced closure.

By performing a series of calculations with growing cracks (56) it could be
shown that the development of crack closure can be calculated and plotted in
terms of the load ratio Pop/Pmax, as shown in Fig. 16. We find that the
development of crack closure occurs rapidly for short cracks with increasing
crack length, and that the saturation level for steady state behaviour occurs at
a crack length of 400 um. This value is in excellent agreement with our
experimental result of ¢; for Al 2024-T3, as discussed above. The development
of crack closure shown in Fig. 16 is obviously only an estimate of the physical
situation which, in reality, involves local anisotropy, crystallographic features,
roughness, etc. The trend, however, matches very well with the observed
experimental behaviour and the estimate of a saturation or transition length,
¢y, to conventional LEFM behaviour is expected. It is also shown to be correct
since this is the length which defines the boundary beyond which an overall
continuum treatment involving self-similarity is permissible.

Summary and conclusions

This investigation was carried out to provide a comparison of the high-cycle
fatigue properties, the initiation, and »:owth of microstructurally short to long
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fatigue cracks, and the threshold behaviour at various stress ratios for two
technical high strength Al alloys, Al12024-T3 and Al 7475-T6. The test results
and the conclusions from this study can be summarized as follows.

(1) The S-N data indicate that for symmetrical loading the fatigue limit is not
reached prior to N = 10® in both alloys. The effect of specimen orientation
(L or T) on the fatigue limit is minor; the stronger alloy 7475 exhibits a higher
fatigue limit than alloy 2024.

(2) Long-crack threshold stress intensity values depend on the applied stress
ratio (in the range —1 = R = 0.75). In contrast, the effective threshold stress
intensities appear to fall within a single scatter band. The effect of specimen
orientation on threshold is particularly noticable for R values near zero. For the
alloy 7475 both long-crack threshold values fall below those of alloy 2024.

(3) Intests carried out near the fatigue limit the initiation of microcracks was
observed to occur in alloy 2024 at bulky intermetallic particles cracked during
cyclic loading, while in alloy 7475 crack initiation was observed either at the
particle/matrix interface or along slip lines present in the as-received micro-
structure. The initially transcrystalline microcracks were invariably oriented at
an angle of approximately 45 degrees to the stress axis.

(4) Threshold stresses for microcracks growing within a single grain were
observed, but only at very small loading amplitudes.

(5) Microcracks up to a characteristic critical length were observed to grow
only at stress amplitudes at, or slightly above, the fatigue limit. Retardation or
halts of the advancing crack tips occurred predominantly by interaction with
grain boundaries; at low stress amplitudes cracks were found to remain halted
for 107 cycles. Slight increases in stress amplitude caused a resumption of the
crack advance, accelerating after traversing the blocking grain boundary and
decelerating again at the approach of the next grain boundary. The extent of
retardation and the maximum growth rate between these interactions
depended sensitively on cyclic amplitude and stress ratio. The number of
repetitions of this interaction sequence was related to the grain dimensions in
the crack growth direction.

(6) The anomalies typical for short fatigue cracks extended up to a charac-
teristic transition length which was found to depend on the alloy but not on
grain dimensions or specimen orientation. Up to this transition length short-
crack growth occurred only at, or slightly above, the fatigue limit; the growth
behaviour of these short cracks cannot be described by LEFM terms. Cracks
beyond this length were found to resume growth at stress levels progressively
lowered with increasing crack length, until crack growth took place at stress
levels corresponding to the threshold stress intensity of long cracks. Thus, the
transition length approximates the limit for true short-crack growth behaviour.
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(7) The transition length can be calculated from the effective threshold stress
intensity value and the stress level corresponding to the fatigue limit. This fact
clearly indicates the governing role of closure in the short crack behaviour. Itis
interesting to note that the transition length is much shorter for alloy 7475 than
for alloy 2024.

(8) The transition length can also be deduced from corroborating observa-
tions of changes in the fracture path topography with increasing crack length,
i.e., from crystallographic stage I (single crack plane through entire grains) to
crystallographic stage II (transcrystalline crystallographic zigzagging along a
line normal to the stress axis). The final transition to non-crystallographic stage
II indicates the crack length for which conventional LEFM-considerations are
applicable.

(9) A Kitagawa-type diagram reveals the influence of differences in fatigue
strength and long-crack threshold values. The limiting length for short-crack
behaviour is uniquely defined by the line corresponding to the effective stress
intensity of long cracks. To demonstrate the effects of varying stress ratios,
plotting of the test results in a modified diagram with the maximum stress rather
than the stress range as abscissa is suggested. In this way the anticipated
reduction of transition length with increasing stress ratio is revealed by the
intersections with the line corresponding to the effective threshold stress
intensity.

(10) The experimental and computational results of this investigation imply
that, for design considerations, the LEFM relations can be applied to small
fatigue cracks exceeding the transition length (in the order of 150 um in
high-strength Al alloys) if the effective threshold values for long cracks are
taken into account. In his way uncertainties caused by varying stress ratios are
eliminated. Further investigations, however, are required to understand the
true short-crack growth mechanism, which appears to be of rather academic
interest because it concerns crack lengths below engineering detectability.
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