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. FATIGUE CRACK PROPAGATION IN ALUMINUM-LITHIUM ALLOY 2090:
PART II. SMALL CRACK BEHAVIOR

K. T. Venkateswara Rao, W. Yu and R. 0. Ritchie

Center for Advanced Materials, Lawrence Berkeley Laboratory, and
Department of Materials Science and Mineral Engineering,
University of California, Berkeley, CA 94720

ABSTRACT

A study has been made of the mechanics and mechanisms of fatigue
crack propagation in a commercial plate of aluminum-1ithium alloy
2090-T8E41. 1In Part II, the crack growth behavior of naturally-
occurring, microstructurally-small (2 to 1000 um) surface cracks is
examined as a function of plate orientation, and results compared
with those determined in Part I on conventional long (25 mm) crack
samples. It is found that the near-threshold growth rates of small
cracks are between 1 to 3 orders of magnitude faster than those for
long cracks, subjected to the same nominal stress intensity ranges
(at a load ratio of 0.1). Moreover, the small cracks show no
evidence of an intrinsic threshold and propagate at AK levels as Tow
as 0.7 MPa/m, far below the long crack threshold AKyy. Their
behavior is also relatively independent of orientation. Such
accelerated small crack behavior is attributed primarily to
restrictions in the development of crack tip shielding (principally
from roughness-induced crack closure) with cracks of limited wake.
This notion is supported by the close correspondence of small crack
results with long crack growth rates plotted in terms of AK.¢¢ (i.e.,
after allowing for closure above the effective long crack threshold).
Additional factors, including the different statistical sampling
effect of large and small cracks with microstructural features, are
briefly discussed.

K. T. VENKATESWARA RAO, W. YU and R. 0. RITCHIE are Graduate Student,
Research Engineer, and Professor, respectively, with the Center for
Advanced Materials, Lawrence Berkeley Laboratory, and the Department
of Materials Science and Mineral Engineering, University of
California, Berkeley, CA 94720. .



~I. INTRODUCTION

Damage-tolerant design concepts, currently in use to ensure the
durability of both military and civil Aaircraft, generally specify
that small (v 100 um) corner cracks be assumed to pre-exist at each
fastener hole in the structure (e.g., ref. 1). Lifetime is then
computed in terms of the time, or number of fatigue cycles, for any
one of these cracks to propagate to critical size, based on the
integration, from initial to final defect size, of a relationship
describing the crack growth rates as function of the mechanical
"crack driving force" (e.g., the stress intensity range, 4K) for the
material in question. Such crack growth reilationships are génera]]y
derived from data measured on laboratory specimens containing crack
sizes in excess of 5 to 10 mm.

However, in recent years it has become apparent that where
cracks are physic‘al 1y small (i.e., <1 mm), or where they approach
the size-scales of the microstructure or the extent of local
plasticity, their growth rate behavior may not conform to that
measured conventionally with long (2 5 mm) cracks (2-21). In fact as
illustrated schematically in. Fig. 1, small crack growth rates are
generally non-unique and can markedly exceed those of long cracks

when subjected to the same nominal "crack driving force",' e.g., at



the same AK (Z-QL* Such apparently anomalous behavior is most

*Similar anomalous behavior has been reported for so-called
"chemically small" cracks, where differences in the local crack tip
environment (controlled by frequency and reaction kinetics) can
cause small cracks to propagate at rates some 1.5 to several hundred
%gmgg)faster than long cracks at the same mechanical "driving force"

,22).

prevalent at low load ratios in the low growth rate (< 10-9 m/cycle)
near-threshold regime (except for flaws emanating from notches
(4,11)), where specifically small cracks have been observed to
propagate at stress intensity ranges below the fatigue threshold,
AKTH, at which long crack growth becomes dormant (e.g., refs. 5,8).
The problem is of practical significance as damage-tolerant
calculations are invariably based on long crack data, and depending
upon initial flaw size, overall life is generally dominated by the
regime where the crack is both small and advancing at low growth
rates. Consequently, with the accelerated near- and sub-threshold
growth rate behavior of small cracks, there exists a potential for
dangerous 1y non-conservative predictions of life (5).

There are several origins of the lack of similitude between long
and small crack growth behavior (2-9). These are summarized in Table
I, which is taken from ref. 8. Where cracks are comparable in size
with the crack tip plastic zone, or are embedded within the strain
field of a notch ("mechanically-small"), differences may result from
an inappropriate use of linear elastic fracture mechanics,

specifically the stress intensity, in characterizing crack tip



fields. Conversely, for microstructurally-small cracks, differences
can arise from an inappropriate use of continuum mechanics to
describe the preferential initiation and growth of naturally-
occurring flaws, of a size comparable with microstructural features,
at local inhomogeneit%es within the microstructure. Other major
distinctions may involve the initial non-uniform growth of small
(surface) flaws (13,14), enhanced cyclic plastic strains at the tips
of microstructurally-small cracks (12), differing interactions with

grain or phase boundaries (15,16), and environmental effects (6,22).

Table I. Classes of Small Cracks (8)

Responsible Potential
Type of Small Crack Dimension Mechanism Solution
‘Mechanically-small azs ry+ excessive (active) use of AJ, AS
plasticity - aCTOD
Microstructurally- azs dgf* crack tip shielding probabilistic

small enhanced A€ approach
2c < 5-10 dg crack shape

Physically-small a <1 mm crack tip shielding use of AKeff
(erack closure)
Chemically-small up to local crack tip
10 mm? environment

*fy is plastic zone size or plastic field of notch.

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

#Critical Size is a function of frequency and reaction kinetics.




However, in essence the problem is one of defining an appropriate
"crack driving force" for small crack growth, which accounts for
excessive plasticity ahead of the crack tip and more importantly
crack tip shielding behind it (17).

The role of crack tip shielding, which results from mechanisms
which reduce the local "crack driving force", is.central to the issue
of the "anomalous" behavior of small flaws, as shielding mechanisms
primarily act on the crack wake and thus can induce crack size
dependent behavior (17,23). Small cracks, by virtue of their limited
wake, are less able to develop the same magnitude of shielding as
equivalent long cracks at the same nominal AK, and thus experience a
larger local “driving force" (3,5,10,11,14,17). This notion is
supported by experiments which show the development of crack closure
with the initial extension of small cracks (14,17-20), and the closer
normalization of long and small crack growth rates when plotted as a
function of MKggg, i.e., in terms of characterizing parameters which
at least partially account for shielding (11,21).

Such conSiderationS ére of particular significance to aluminum-
lithium alloys, since they derive their superior crack growth
resistance primarily from crack tfp shielding (17,23) mechanisms. As
described in Part I of this paper (24), the marked planar slip
characteristics and anisotropic nature of the microstructures in Al-
Li-X alloys, such as 2090, confer excellent long crack fatigue
properties, primarily from the generation of strongly

crystallographic and meandering crack paths. This in turn promotes



significant shielding from crack deflection and consequent
(roughﬁéss-induced) crack closure induced by the wedging of fracture
surface asperities (24-28). Thus, in view of this reliance on
shielding mechanisms, it might be anticipated that under conditions
where such shielding fs restricted, such as with cracks of limited
wake, the superior crack growth properties may be compromised.
Accordingly, discrepancies between long and small crack behavior in
these alloys may be expected to be large.

It is thus the objective of Part II of this paper to examine the
propagation behavior of naturally-occurring, microstructurally-small
(2 to 1000 um) surface cracks in the Al-Li-Cu-Zr alloy 2090-T8E4l, as
a function of plate orientation, and to compare resu]tg_wi#h those

measured on conventional long (2 5 mm) crack samples in Part I (24).
I1I. EXPERIMENTAL PROCEDURES

The material studied was a 12.7 mm thick plate of commercial Al-
Li-Cu-Zr alloy 2090, supplied by ALCOA in the near peak-aged and
thermomechanically treated T8E4l condition. A description of the
composition, heat treatment, microstructure and mechanical properties
is given in Part I of this paper (24).

Tests to examine the fatigue crack propagation behavior of
naturally-occurring, microstructurally-small surface cracks were
performéd on 7.6 mm thick, unnotched, rectangular four-point bend

specimens, machined in the T-L, L-T and T-S orientations (Fig. 2).



At least six tests were conducted for each orientation. The geometry

of the bend samples was waisted, specifically for the T-S
orientation, to minimize the possibility of delamination along the
lTength of the specimen, perpendicular to the short-transverse
direction. Tests were carried out in controlled réom temperature air

(229C, 45% relative humidity) at a load ratio (R = K K of 0.1

mu/mm)
and a sinusoidal frequency of 50 Hz.

To initiate cracking, maximum tensile stresses on the top
surface of the specimen were approximately 0.9 times the yield stress
of the material. Crack initiation and growth on this surface, which
had previously been electropolished, were monitored by means of
cellulose acetate replicas. Tests were periodically interrupted and
held at mean load during replication. Replicas were subsequently
gold coated by sputtering, to permit better resolution of the surface
crack length (2c), and examined using optical microscopy. With such
procedures, small cracks of lengths between 2 and 1000 um could be
readily monitored.

Owing to crack branching, surface craék Tengths were taken as
the projected crack length normal to the difection of the tensile
bending stresses. An a/c ratio (half the surface crack length to the
crack depth) of 0.8 was assumed, based on studies of crack geometry
using serial sectioning of various surface flaws. Stress intensity
factors for such flaws were computed using the Newman and Raju linear

elastic solution for semi-elliptical surface flaws (29). Data are

presented in terms of the nominal stress intensity range, given by AK



= Kmax - Kmine Use of the stress intensity to characterize small
crack growth was deemed to be appropriate in the present work, as
computed maximum and cyclic plastic zone sizes remained small (0.4 to
150 uym and 0.1 to 30 um, respectively) compared to specimen
dimensions.

Small crack growth rates were compared with long (> 5 mm) crack
results, measured on pre-existing through-thickness cracks in compact
C(T) and single-edge-notched bend SEN(B) samples, as described in
Part I (24). Long crack data were presented in terms of the nominal
and effective stress intensity ranges, the latter being‘defined as
OKeff = Kpax - Kc1s where K.q is the closure stress intensity,
measured at first contact of the fracture surfaces during un]o&ding,

using back-face strain compliance techniques (17).
I1I. RESULTS AND DISCUSSION

The fatigue crack growth behavior of microstructurally—sma]] (2
to 1000 um) surface cracks in the L-T, T-L and T-S orientations are
plotted as a function of the crack length (i.e., depth of surface
flaw) in Fig. 3. Cracks as small as 2 um show growth rates exceeding
10-10 m/cycle, with little apparent effect of plate orientation. The
extensive scatter can be considered to be inherent in the growth rate
behavior. of naturally-occurring small flaws, as they initiate and

grow within a few favorably oriented grains and then suffer local



impedence as they encounter microstructural features such as grain or
phase boundaries.

Fractographically, small crack initiation was generally seen to
be associated with inclusions or intermetallic particles.
Corresponding crack path morphologies for small crack growth in the
three orientations are shown in the three-dimensional micrograph in
Fig. 4. Cracks in the L-T orientation were consistently inclined at
309 to the tensile axis, presumably due to the strong texture in the
alloy. They appeared remarkably linear, without microscopic
deflection, consistent'with a relatively flat fracture surface
topography in scanning electron fractographs (Fig. 5a). Crack paths
in the T-L and T-S orientations, conversely, Qere locally deflected,
which resulted in coarser, more faceted fracture surface morphologies
(Fig. 5b). The nature of tﬁis deflection appeared to be
crystallographic and involved extensive slip band cracking (Fig. 6).

Comparison of the small crack growth rate data in the three
orientations with that measured at R = 0.1 for long cracks (24) is
shown in Fig. 7 as a function of the nominal AK. It is appareht
that, whereas the growth rates of long and small cracks are
comparable at higher AK levels typically above ~ 8 MPa/m, the near-
threshold propagation rates of small flaws are between 1 to 3 orders
of magnitude faster than those for long flaws, subjected to the same
nominal AK. Moreover, small crack growth can be seen at AK levels as

low as 0.7 MPa/m, far below the long crack threshold AKpy.
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The primary~reason for such marked discrepancies in long and
small crack growth rates at near-threshold levels can be readily
appreciated by replotting the long crack data in terms of AKg¢y,
after allowing for crack closure (i.e., by utilizing the back-face
strain measurements of K.y in Part I (24). As shown in Fig. 7, it is
apparent that the scatter bands for small crack growth rates now come
into close correspondence with long crack results, indicating that
their accelerated behavior results primarily from reduced shielding.
This clearly implies a critical role of crack tip shielding during
fatigue crack growth in aluminum-1ithium alloys both in promoting
superior long crack resistance (24-28) and, when restficted with
cracks of limited wake, in causing significantly enhanced small crack
growth rates. Similar effects of reduced crack growth resistance from
reductions in shielding have been reported for the 2090 alloy
following periodic compression overloads (28). With increasing crack
size, however, K.y values gradually approach saturation long crack
values, such that the small crack growth rates merge with long crack
results. This is shown in Fig. 7 for nominal AK levels above roughly
10 MPa/m. Moreover, at the higher stress intensity ranges, the role
of wedge shielding mechanisms, such as roughness-induced closure,
become diminished even for long cracks, due to the larger crack
opening displacements (30).

Although the reduced role of crack closure at small crack sizes
appears to be the major reason for their accelerated growth'rate

behavior, it is apparent from Fig. 7 that the smallest cracks, e.g.,



typically of a length less than 5 um, show no indications of an
intrinsic threshold. Moreover,fhey continue to grow at AK levels
as low as 0.7 MPa/m, well below the long crack OKofs thresﬁo]d (i.e.,
after correcting for closure), implying that other factors are
pertinent. One such difference may be related to experimental
evidence that suggests that small flaws may experience higher cyclic
plastic strains at their tips (12). However, a more important effect
may be associated with differences in the statistical sampling of
microstructural features encountered by large and small cracks (8).
For example, the naturally-occurring small surface crack will tend to
initiate at preferred "soft spots" in the microstructure and, unlike
pre-existing long through-thickness cracks, will not have its growth
averaged over many disadvantageously oriented grains, since its crack
front will encompass only a few grains. Furthermore, the
microstructurally-small crack, which corresponds to a three-
dimensional flaw whose plastic zone is typically smaller than the key
microstructural dimension, such as grain size, will advance as if in
a single crystal, preferentially oriented for operation of the
relevant crack extension mechanism.

Clearly, in such cases, where crack sizes are below any
continuum approximation, it is inappropriate to talk of an intrinsic
threshold for crack propagation which can be described in terms of a
continuum parameter such as the stress intensity. In fact, where
damage tolerant design and 1ifetime calculations are extended to

crack sizes of such microstructural dimensions, characterization

10



- using deterministic methods in general must eventually become
questionable, and ideally should be replaced by probabilistic

methodologies.
IV. CONCLUDING REMARKS

From a perspective of summarizing the fatigue crack propagation
resistance of aluminum-lithium alloy 2090-T8E41 (as 12.7 mm thick
plate), it is clear that the superior long crack growth properties
(compared to traditional high strength aluminum alloys) and the
anomalously high small crack growth rates paradoxically are a
consequence of the same phenbmenon, namely significant crack tip
shielding from crack deflection and particularly roughness-induced
crack closure, resulting from highly deflected and meandering crack
paths. - Characteristic of the "extrinsic toughening" approach
(17,23), such mechanisms are extremely potent in impeding crack
advance, particularly at low applied "driving forces", yet are
largely irrelevant for crack initiation resistance and are far less
effective in impeding the growth of small cracks with limited wake.
However, where the shielding can remain active, such as with the
growth of long éracks under constant amplitude and especially
tension-dominated variable amplitude loading conditions, the peak
aged 2090 alloy shows a remarkable combination of high strength and
fatigue crack growth resistance. Conversely, for the initial growth

of small fatigue cracks, from fastener holes for example, which can

11



often provide the major contribution to overall fatigue 1ife, the
2090 alloy is less attractive.

Finally, it should be noted that the crack deflection and
branching originates not simply from the marked planar slip
charactgristics of 2090-T8E41 but also from the highly textured
nature of the alloy. Thus, although long crack growth rates are much
faster (and the fracture toughness much lower) perpendicular to the
short-transverse direction (i.e., in the rolling plane), it is the
tendency for delamination in this direction which actually helps
promote shielding and hence the beneficial crack growth properties in
the longitudinal and transverse orientations. Accordingly, although
future improvements in the short-transverse properties of aluminum-
1ithium alloys, through refinements in chemistry and processing, may
significant 1y enhance the short-transverse toughness and small crack
growth resistance, such procedures may actually compromise the
superior long crack fracture and fatigue properties in the other

orientations.

V. CONCLUSIONS

Based on a comparison of the fatigue crack propagation behavior
(at R =0.1) of pre-existing long (> 5 mm) through-thickness cracks
and naturally-occurring microstructurally-small (2 to 1000 um)

surface cracks in the L-T, T-L and T-S orientations of a 12.7 mm

12.



thick plate of commercial Al1-Li-Cu-Zr alloy 2090-T8E41, the following
conclusions can be hade:

1. The near-threshold fatigue crack propagation rates of small
flaws were found to exceed those of long cracks by 1 to 3 orders of
magnitude at the same nominal AK levels. Small crack growth rates,
which appeared to be relatively insensitive to plate orientation,
were observed to proceed at AK levels as low as 0.7 MPa/m, well below
the fatigue threshold stress intensity range, AKyy, where long cracks
become dormant.

2. Whereas long crack growth behavior is characterized by
extensive crack tip shielding from crack deflection and resulting
roughness-induced crack closure from branched crystallographic crack
paths, the restriction\of such closure with small cracks of limited
wake appears to be the primary reason for their accelerated growth.
This notion is supported by the close correspondence of small crack
data with long crack results expressed in terms of AKaffs i.e.,
after correcting for closure.

3. Unlike long cracks, small crack growth rates show no signs
of an intrinsic threshold and continue to propagate at stress
intensity levels below the closure-corrected AK,¢¢ Tong crack
threshold. This suggests that factors other than shielding may be
additionally involved, such as the enhanced cyclic plastic strains

at the tips of small cracks and the differing statistical sampling

effect of large and small cracks with microstructural features.
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4. Finally, it is concluded that the superior long crack growth
rates and the anomalously high small crack growth rates in this alloy
are primarily a consequence of the same phenomenon, i.e., a marked
dependence on extrinsic "toughening" mechanisms, primarily from crack
meandering and resulting crack closure. Although crack tip shielding
provides a poteht impedence mechanism for long crack growth, it

cannot similarly remain effective for cracks of limited wake.
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Schematic representation of the typical variation in fatigque
¢rack growth rates da/dN, with nominal stress intensity
range AK, or crack length a, for "long" and "smal1" cracks.
AKTH is the nominal fatigue threshold stress intensity

range, below which long cracks remain dormant.
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Fig. 2: a) Plate orientation and b) geometry of test specimens used
to measure small crack growth behavior in the 2090-T8E4l
alloy.
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Fig. 3: Variation in the growth rates, da/dN, of small (2 to

1000 um) surface fatigue cracks in peak-aged 2090-T8E4l
alloy as a function of crack depth, a. Data are presented
at R = 0.1 for the L-T, T-L and T-S orientations, based on
replication measurements on SEN(B) specimens.
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XBB 869-7357

Fig. 4: Three-dimensional optical micrograph showing the morphology
of the surface crack path of small fatigue cracks in the L-

T, T-L and T-S orientations in 2090-T8E4l alloy (Keller's
reagent etch).
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Fractography of small crack growth in 2090-T8E4l in a) L-T,
and b) T-L orientations. Arrow indicates general direction
of crack advance.

21



XBB 868-6195

Fig. 6: Scanning electron micrographs showing the crack path
morphology of small crack extension in the T-S orientation,
involving extensive slip-band cracking. Arrow indicates the
direction of the stress axis.

22



Fig. 73

AK (ksi-in"?)

0.5 1 5 10
= 10’5E L L L b L L L L . L - | 1
2 1 2090-T8E4T 10
> 1 L-T orientation 3 10
E 10" R=0.1 -
~ E ® Small cracks(Bend) / [, 6
2 . (2-1000 pm) e L 10
R 70.,_' === Long cracks(CT) & E
S g [
T “a E10°
':( s g I3
< 103 @ i Q)
E P LS
§ 3 £ 107§
9 " - b=
8 10 E & 1iattice [ I
(G} ] ,E' spacing L 10°° 3
_ i per cycle E
§ 10" o ot P S OKger i AK -
3 ‘¢ n i
S ] '.' [ | 3 10°
W 1 r L g
8 10 _E :' s N
5 ] F . 10-10
w 12 s E
10 B : p— e -
0.5 1 5 10 30
(@ STRESS INTENSITY RANGE, AK (MPa-m'"*)
AK (ksi=in"*)
0.5 1 5 10
s 10'5E L I A .| A A L A L ;S S | 1
g 3 2090-T8E41 [ i
2 1 T-L orientation 3 o
T 1073 R=0.1 3
~ E & Small cracks(Bend) [ s
2 1 (2-1000 pum) e 10
% 70.,_ -=<= Long cracks(CT) o
© E
L’Lj 1 5-70-‘ 3
E( 70-.-3 - S
x E oy
= ] B a2 L 107 &
= 10 Failae F 2
S L 4 a 11attice [ I
S 3 s 4 a spacing L 10°° 3
S 70"9: AK et I AK por cycle  F
<T = ; [
< 3 N "
O 4 ! [ = 10 °
S 10 ! = g
G ; a2 [ 0
E 4 = 10
10" s . — : ;
0.5 1 5 10 30
oy STRESS INTENSITY RANGE, AK (MPa-m'?)
XBL 871-357

Comparison of the growth rates of long (2 5 mm) and
microstructurally-small (2 to 1000 ym) fatigue cracks in
2090-T8E41 alloy, as a function of the nominal and effective
stress intensity ranges, AK and AKeff, respectively. Data
are presented for a) L-T, b) T-L, and (c) T-S orientations
at R = 0.1. Note how small crack growth rates exceed those
of long cracks by several orders of magnitude when compared
on the basis of AK, yet show close correspondence when
characterized in terms of AKeff.
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Fig. 7 (Cont.)
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