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FATIGUE CRACK PROPAGATION IN ALUMINUM-LITHIUM ALLOY 2090: 

PART I: LONG CRACK BEHAVIOR 

K. T. Venkateswara Rao, W. Yu, and R. O. 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-lithium alloy 
2090-TBE41. In Part I, the crack growth and crack shielding behavior 
of 1 ong (~5 mm) through-th i ckness cracks is exami ned as a funct ion 
of plate or i entat i on and load ratio, and resu 1 ts compared to 
traditional high strength aluminum alloys. It is shown that rates of 
fatigue crack extension in 2090 are, in general, significantly slower 
(at a given stress intensity range) than in traditional alloys, 
a 1 though beha v i or is strong 1 y ani sotropi c. Di fferences ingrowth 
rates of up to 4 orders of magnitude are observed between the L-T, T
Land T-S orientations, which show the best crack growth resistance, 
and the S-L, S-T and L+45, which show the worst. Such behavior is 
attributed to the development of significant crack tip shielding 
(i.e., a reduction in local crack driving force), primarily resulting 
from the ro 1 e of the crack path morpho logy in i nduc i ng crack 
deflection and crack closure from the consequent asperity wedging. 
Whereas crack advance perpendicular to the rolling plane (e.g., L-T, 
etc.) involves marked crack path deflection and branching, thereby 
promoting very high levels of shielding to cause the slowest growth 
rates, fat i gue fractures para 11 e 1 to the ro 11 i ng plane (e.g., S-L, 
etc.) occur by an intergranu1ar, delamination-type separation, with 
much lower shielding levels to give the fastest growth rates. The 
imp 1 ications of such "extrinsic toughening" effects on the fracture 
and fatigue properties of aluminum-lithium alloys are discussed in 
detai 1. 

K. T. VENKATESWARA RAO, W. YU and R. O. 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. 
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I. INTRODUCTION 

Over the past few years, there has been increasing interest in 

the development of ultra-light weight aluminum-lithium alloys, 

specifically for aerospace structures (1-3) and, more recently, for 

cryogenic applications {4}. The motivation for using such materials 

is primarily th~ir 7-10 pct lower density, although compared to 

traditional high strength aluminum alloys, A1-Li-X alloys 

additionally show 7-12 pct higher stiffn.ess, generally superior 

fatigue crack propagation resistance {4-12}, and improved toughness 

at cryogenic temperatures {4,13}. On the negative side, however, 

they can suffer from poor short-transverse properties, low ductility 

and fracture toughness {13,14}, and have been shown to disp1 ay 

significantly accelerated fatigue crack extension rates when cracks 

are microstructura 11y-sma 11 (IS). 

The low ductility and toughness of aluminum-lithium alloys can 

be traced, at least in part, to the inhomogeneous nature of their 

slip, resulting from coherent particle hardening of spherical o' 

{A 13Li} precipitates (16). In addition, the presence of equi 1 ibrium 

o (A1Li) precipitates in grain boundaries can cause precipitate free 

zones, which can induce further strain localization and promote 

intergranu1ar failure. Consequently, for the development of 

commercial alloys, slip has been homogenized by introducing 

_dispersoids (Mn, Zr) and semi-coherent/incoherent precipitates, such 

as Ti{A12CuLi), T~AlsCULi3) or A12LiMg, through Cu or Mg additions 
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(11). Concurrent developments in the thermomechanical processing have 

optimized aluminum-lithium microstructures for the best combinations 

of strength and toughness, a 1 though the resu 1t i ng mater i a 1 tends to 

be highly textured, particularly where small Zr additions are used to 

inhibit recrysta1.1ization (18). 

Although most studies on aluminum-lithium alloys to date have 

reported generally improved fatigue resistance compared to 

traditional 2000- and 1000-series alloys (4-12), due to their marked 

anisotropy, some concern has been raised over their crack propagation 

resistance as a function of plate orientation, and specifically with 

regard to short-transverse properties (i.e., involving crack 

propagation in the rolling plane). Accordingly, the objective of the 

current study is to investigate the mechanics and mechanisms of 

fatigue crack propagation behavior in an Al-Li-Cu-Zr alloy 2090-

T8E41 as a function of orientation. In Part I, the behavior of 

through-thickness long (~ 5 mm) cracks is examined in the L-T, T-L~ 

T-5, 5-L, 5-T and L+4S orientations, as a function of load r.atio, 

with specific emphasis on the role of crack tip shie1ding* in 

*Crack tip shielding refers to a phenomenon where crack advance is 
impeded through a local reduction in the "crack driving force" 
(extrinsic toughening), as distinct from an increase in the 
microstructural crack growth resistance (intrinsic toughening) 
(19,20). It can be developed from such mechanisms as transformation 
and microcrack toughening in ceramics (22) and crack closure duri ng 
fat i gue crack growth (20,22). 
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retarding crack growth. In Part II (23), such long crack behavior is 

compared with that for naturally-occurring microstructurally-small (2 

to 1000 ~m) surface cracks, in the L-T, T-L and T-S orientations. It 

is shown that, due to si'gnificant shielding from crack closure and 

defl ect ion, long fat i gue crack growth propert i es for 2090 compare 

favorably with 2124 and 7150 alloys of comparable strength. However, 

at equivalent stress intensity rang~s, the growth rates of small 

cracks (where the 1 imited wake inhibits shielding) are found to be 

accelerated significantly, typically by three orders of magnitud~ at 

near-thresho 1 ds 1 eve 1 s. 

II. EXPERIMENTAL PROCEDURES 

A 12.7 mm thick plate of commercial Al-Li-Cu-Zr alloy 2090, of 

composition shown in Table I, was received from ALCOA in the near 

peak-aged T8E41 condition. The designation T8E41 refers to a 

thermomechanical treatment, involving solution treatment at 5490 C, 

water quenching, and a 6 pct stretch prior to aging 24 h at 1630 C 

(18) • 

Table I. CoIIposition in Wt Pet of ALCOA Alloy 2090 

Cu Li Zr Fe 5i Mg Mn Ti A 1 

2.86 2.05 0.12 0.02 0.01 0.01 0.005 0.02 balance 
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Optical metallography revealed a highly unrecrystallized and 

anisotropic microstructure (Fig. 1), with large pan-cake shaped 

grains (approximately 20 J.!m thick and 500 J.!m wide), elongated for 

several mm along the rolling direction. In the peak aged T8 

condition, the alloy is hardened by a combination of coherent 

precipitates, including spherical 8' (A13li), plate-like 

Ti (A1 2CuLi) and T2 (A15CuLi3)' with 6' (A13Zr) dispersoids (Fig. 

2). Room temperature mechanical properties are 1 isted in Table II, 

and indicate marked differences in the strength, ductility and 

toughness between the various orientations. 

Table II. ROOD Temperature Mechanical Properties of 2090-TBE41 

Orientation Yield Strength UTS Elongation 
(14 nm gauge) 

KIc 

(MPa) (MPa) (pct) (MPalrii) 
longitudinal 552 589 9.3 35 (L-T) 
Transverse 548 579 5.4 24 ~T-l~ 27 T-S 
Short-Transverse 17 (S-L) 

16 (S-T) 
longitudinal + 450 460 514 10.9 28 (l+45) 

Crack growth tests on long (~ 5 mm) through-thickness cracks 

were performed with 6 to 7 mm thick test pieces, using compact C(T) 

specimens in the L-T, T-l and l+45 (IT-Tl) orientations, double~ 

cantilever beam DC(S) specimens in the S-L and S-T orientations, and 

four-point single-edge-notched bend SEN(S) specimens in the T-S 

, 4 
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orientation (Fig. 3). Tests were conducted in controlled room 

temperature air (22 0 C, 45 pct relative humidity), using automated 

electro-servo-hydraulic testing machines operating under stress 

intensity control at a sinusoidal frequency of 50 Hz, over a range of 

load ratios (R = Kmin/Kmax) from 0.1 to 0.75. Fatigue threshold 

stress i ntens ity ranges (AKTH)' defi ned at a max imum growth rate of 

10-11 m/cycle, were approached using both manual and cdmputer

controlled load-shedding procedures (normalized K-gradient set at -

0.1 mm-1), with crack lengths continuously monitored using d.c. 

electrical potential methods. Simultaneous measurement of crack 

closure was achieved using the back-face strain gauges on the C(T) 

and SEN(S) samples, and the crack mouth opening displacement gauges 

on the DC(S) samples. Using these techniques, the closure stress 

intensity (Kcl ) was defined during unloading at first contact of the 

fracture surfaces from the load corresponding to the initial 

deviation from linearity of the elastic compliance curve (20). Crack 

growth rate (da/dN) data are presented in terms of the nominal 

stress intensity range (AK = Kmax - Kmin)' and the effective stress 

intensity range, defined as AKeff = Kmax - Kcl. 

Fatigue fracture surfaces were examined in the scanning electron 

microscope and from crack path profiles, obtained by metallographic 

sectioning at the specimen center thickness, perpendicular to the 

fracture surface, on cracks previously impregnated with epoxy • The 

degree of (lineal) fracture surface roughness was evaluated from such 

profiles in terms of the ratio of total length of crack to projected 
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length along the plane of maximum tensile stress. The extent of 

(excess) crack surface corrosion deposits was estimated by scanning 

Auger spectroscopy, using a tantalum oxi~e standard and an Ar+ 

sputtering rate of 25 nm/min. 

I I I. RESULTS 

A. Crack Growth Rate and Closure Behavior 

A comparison of fatigue crack propagation rates (da/dN) of long 

cracks in 2090-T8E41 (T-L orientation) with those of traditional high 

strength aluminum alloys, 2124 and 7150 (20,24), is shown in Fig. 4 

as a function of the nominal stress intensity range (6K). Despite 

having 30 pct higher strength, long crack growth rates in the 

aluminum-lithium alloy are consistently slower over the entire range 

of growth rates, except at near-threshold levels in 2124-T351. As 

reported previously (12), such behavior can be attributed primarily 

to high levels of crack closure, which unlike other high strength 

aluminum alloys are maintained at almost near-threshold levels up to 

6K va 1 ues of 7 MPaIi1j and above (Fi g. 5). 

Role of Orientation: Despite its slower growth rates, crack 

propagation behavior in 2090 is strongly anisotropic, as shown in 

Fig.6 for the L-T, T-L, T-S, S-L, S-T, and L+45 orientations tested 

at R = 0.1. This plot indicates variations in growth rates (at fixed 

6K) by up to 4 orders of magnitude between the various orientations, 
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consistent with large changes in crack closure (Fig. 7). The more 

commonly tested T-L and L-T orientations, and the T-S orientation, 

show the slowest growth rates, with threshold 6KTH values between 3 

and 4 MPalrn. These orientations generally develop the highest 

closure levels, e.g., Kcl values approach 0.9 Kmax close to 6KTH in 

the L-T orientation. Conversely, S-L and S-T show the fastest growth 

rates, cons i stent wi th the sma 11 est extent of crack closure. The 

lowest threshold (6KTH = 2.4 MPalm) is found in the L+45 

orientation, which has 16 pct lower yield strength. 

Role of load Ratio: Corresponding crack growth behavior at higher 

load ratios, specifically for R = 0.1,0.5 and 0.75, are shown for 

the L-T, T-L, T-S and L+45 orientations in Fig. 8. Corresponding Kcl 

data are given in Fig. 9. Characteristic of most metallic materials 

(25), the role of load ratio is most prominent at near-threshold 

1 eve 1 s where 6KTH val ues are sharp 1 y decreased. wi th i ncreas i ng R. 

Such behavior is generally consistent with a diminished effect of 

closure at high load ratios, specifically from crack wedging 

mechanisms (20). In fact, by plotting the growth rate data in terms 

of 6Keff (after allowing for closure), the variation in da/dN with 

load ratio is much reduced (Fi'g. 8) • 

B. Fractography and Crack Path Morphology 

Scanning electron micrographs of the fatigue fracture surfaces 

(at R = 0.1) are shown in Fig. 10 for the L-T, T-L, T-S, L+45, S-L 
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and S-Tori entat ions. A 1 though imaged at i ntermedi ate stress 

i ntens ity ranges, i.e., at tJ< 1 eve 1 s between 5 and 10 MPalin, such 

surfaces were generally typical of the entire range of growth rates 

at all load ratios. Corresponding crack path profiles are shown in 

Fig. 11. For the L-T and T-L orientations, where growth rates were 

slowest, crack paths were relatively planar but showed evidence of 

local slip-band cracking on the scale of the grain size (Fig. 

Ila,b). This resulted in a faceted fracture surface morphology with 

alternating rough and smooth bands parallel to the crack growth 

direction (Fig. 10a,b), characteristic of coherent-particle hardened 

(p 1 anar s 1 i p) materi a 1 s (24,26,27). Simil ar fractographic features 

were apparent for the T-S orientation, only now perpendicular to the 

crack growth direction (Fig. 10c), consistent with the boundaries 

between the facets being grain boundaries (c.f., Fig. 1). However, 

in this orientation, there was evidence of marked crack deviation 

and branching, and at longer crack lengths the crack underwent a 

major ('\,90 0 ) deflection (parallel to the tensi le stress axis) to 

follow an intergranular, delamination-type failure along the rolling 

plane (Fig. lid). Such major deflections occurred in this orientation 

for all load ratios (Fig. 12). Delamination-type separation parallel 

to the rolling plane was also characteristic of the S-L and S-T 

orientations (Fig. lle,f), where fracture surfaces were predominantly 

intergranular, smooth and featureless (Fig. 10e,f), and growth rates 

were correspondingly the fastest. 

8 
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Fatigue fracture surfaces in all orientations showed evidence of 

slight abrasion and corrosion debris, resulting from asperity contact 

and fretting oxidation mechanisms. The oxide deposits were not 

continuous but were dispersed over the entire fracture surface. 

Excess oxide film thicknesses, deduced by Auger spectroscopy (28) in 

the T-L orientation, were found to be small (by one to two orders of 

magnitude) compared to computed crack tip opening displacements 

(Tab 1 e II 1), i.e., 1 ess than 2 nm th i ck at a 11 growth rates for R = 

0.1-0.75 (Fig. 13), indicating that the contribution to crack tip 

shielding from oxide-induced crack closure (28,30-32) was relatively 

minor in this alloy. Conversely, contributions from crack deflection 

(33) and roughness-induced closure from asperity wedging (34-36) 

appeared to be far more significant, in light of the very high lineal 

roughnesses and mean angular deviations characteristic of fatigue 

fracture surfaces in the L-T, T-L, and T-S orientations of this alloy 

(Table III). The variation in lineal roughness with 6K for the T-L 

orientation is shown in Fig. 13; mean values for each orientation are 

listed in Table III. It is clear that crack deflection and the 

resulting roughness-induced crack closure from the wedging of 

enlarged fracture surface asperities provide the principal mechanisms 

of crack tip shielding in this alloy • 
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Table III. Crack Path Morphology Measurements in 2090-18E41 
at R = 0.1 

CTOD* 
Mean Excess 

Orienta- Threshold Lineal Angul ar Oxide 
tion 6KTH 6Keff max cyclic Roughness Deviation Thickness 

(MPa.lrii) (nm) (deg) (nm) 

L-T 3.86 0.84 255 103 1.23 20.4 
T-L 3.21 0.97 177 72 1.26 17.3 2 
T-S 3.06 0.97 162 65 1.83 39.2 
S-L 2.60 1.36 117 47 1.11 3.6 
S-T 2.75 1.09 130 53 1.11 4.5 
L+45 2.46 0.71 124 50 1.09 5.8 

*Max imum and cyc 1 i c CTOD compu ted from 0.6 K~ax/ooE and 0.6 6 K2/200E, 
respectively, where E is Young's modulus and 00 is the yield 
strength (29). 

IV. DISCUSSIOII 

There is now general accord that the fatigue crack propagation 

resistance of aluminum-lithium alloys is generally superior to 

traditional high strength aluminum alloys* (1-12). Several 

*It is important to note that this conclusion applies strictly to the 
behavior of long cracks, of a size large compared to the relevant 
dimensions of microstructure and local plasticity (15). Where 
cracks are microstructurally-small, aluminum-lithium alloys show 
anomalously high crack growth rates, as discussed in Part II of this 
paper (23). 

reasons have been advanced for this, including their higher elastic 

modulus (induced by o' (A13Li) precipitation), which reduces the 

crack tip opening displacement at a given stress intensity (5), their 

10 
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planar slip characteristics (also induced by ordered o' 

precipitation), which enhances slip-reversibility (and hence creates 

less "damage") at the crack tip (5,6,9), and the tortuous nature of 

the crack path, which promotes crack tip shielding via crack 

deflection and closure mechanisms (7,9-12). Whereas all three 

mechanisms undoubtedly act in concert to various degrees, in view of 

the high measured levels of closure and deflection, the large load 

ratio dependence of near-threshold growth rates, and the anomalously 

high small crack effects (15,23), it would now appear that enhanced 

shielding is the prominent factor for the excellent fatigue crack 

growth properties of these alloys (see also refs. 7,9-12). 

The prominent mechanisms of shielding in the 2090 alloy have 

been shown to be associated with crack branching and deflection, 

which induce a multiplicative reduction in local stress intensity at 

the crack tip, and roughness-induced crack closure, where the wedging 

action of resulting enlarged fracture surface asperities acts to 

wedge the crack·, thereby reducing the local stress intensity range by 

effectively raising Kmin (Fig. 14). The latter wedge shielding 

mechanism predominates at low load ratios and low ~K levels, where 

the size of the wedge becomes comparable with the crack opening 

displacements, whereas shielding by deflection may be expected to be 

independent of R and ~K (provided the crack path morphology remains 

similar) (19,20). Contributions from other shielding mechanisms, such 

as closure ari sing from cyc 1 ic plasticity (37), cannot of course be 

dismissed, although the role of oxide-induced closure in these alloys 
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appears to be minimal in view of the small excess oxide thicknesses 

compared to crack tip opening displacements (Table III). 

The precise mechanis~s of roughness-induced crack closure in 

2090 result from three types of crack deflection. As illustrated in 

Fig. 15, the marked planar slip characteristics of aluminum-lithium 

alloys induce crystallographic crack growth where crack advance 

proceeds along slip bands. This may be manifest as macroscopic 

crack branching, where the entire crack extends at some angle (~450) 

to the plane of max imum stress, as shown by the L-T or i entat i on in 

Fig. 1Sa, or more commonly as faceted crack growth, where the crack 

undergoes periodic IIzig-zags" (on the scale of the grain size) but 

still grows primarily along the plane of maximum tensile stress, as 

shown by the L+4S orientation in Fig. 1Sb. A third type of (mil der) 

crack deflection occurs in the S-L and S-T orientations, where 

linkage occurs between intergranular delamination cracks in the 

rolling plane (Fig. 1Sc). 

It is apparent that the nature of the crack deflection has a 

critical influence on the anisotropy of crack growth rates. The 

fastest growth rates occur for crack advance in the rolling plane, 

ioe., in the short-transverse S-L and S-T orientations, where the 

unrecrystallized, elongated pancake-shaped grain structure provides a 

weak path along the grain boundaries. In this orientation, the degree 

of crack deflection and shielding is consequently the lowest (Figs. 

7,lSc). Conversely, in the longitudinal and transverse L-T, T-L, T-S 

orientations where general crack advance is perpendicular to the 

12 
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weaker ro 11 i ng plane, the slowest growth rates are observed as the 

crack encounters grain boundariet and undergoes crystallographic 

deflection and delamination perpendicular to the crack plane (Fig. 

16). Behavior is thus analogous to an aligned composite, as the 

planes of weakness perpendicular to the short-transverse direction 

(i.e., in the ro 11 i ng plane) actua 11y promote benefi ci a 1 crack growth 

properties (via shielding) perpendicular to these planes. 

Accordingly, attempts at improving the short-transverse properties 

through refinements in processing and thermomechanical treatments 

etc. may actually compro.ise the superior fatigue and fracture 

properties in the other directions. 

The crystallographic crack path morphologies, shown by most 

orientations in the 2090-T8E41 alloy, are not uncommon in 

precipitation-hardened aluminum alloys, particularly at near

threshold levels in planar slip microstructures (24,26,27). Behavior 

in 2090, however, is striking in that this fracture mode persists to 

much higher growth rates, accounting ~or the higher levels of closure 

and the much slower growth rates compared to traditional aluminum 

alloys, particularly above 10-9 m/cycle (Figs. 4,5). For most 

aluminum alloys, the crystallographic fracture mode, and associated 

high closure levels, predominate only at low stress intensities, 

typically where the cyclic plastic zone size remains less than the 

or d e r 0 f the g r a ins i z e (38). 

Finally, the fatigue behavior of aluminum-lithium alloys 

provides a prime example of "extrinsic tougheningll, where superior 
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crack growth propert i es are ach i eved through mi c:ostructura 1, 

mechanical or environmental mechanisms which impede crack advance by 

locally reducing the "crack driving force", rather than by increasing 

the mi crostructura 1 crack growth res i stance (19,20). A 1 though 

commonly employed to toughen brittle materials, e.g., by utilizing 

the transformation, microcrack or ligament toughening mechanisms in 

ceramics (19,21,39), the crack tip shielding approach is generally 

less applicable in metallic materials due to their high intrinsic 

toughnes s. The exception to th i sis where crack extens i on proceeds 

at low applied "driving forces", e.g., during sub-critical crack 

growth, where the effect can be extremely potent. However, it is 

important to note that the origins of shielding generally involve 

mechanisms that operate primarily behind the crack tip, rather than 

in the frontal zone. Such "wake effects" imply that crack extension 

rates will become strongly crack-size dependent, which has profound 

implications for fracture properties of materials which rely on 

extrinsic mechanisms. 

First, extrinsically toughened materials will show marked 

resistance-curve fracture toughness behavior, as the "driving force" 

to sustain cracking must increase with increasing crack length (until 

steady-state). Such behav i or has been recent ly "reported for 

a 1 umi num-l ithium alloys (40). 

Second, as shielding in 2090 depends largely on wedge 

mechanisms, where crack surface contact is diminished, i.e., at 

larger crack opening displacements or from a flattening of the 

14 
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fracture surface, higher growth rates are to be expected. 

Consequently, aluminum-lithium alloys show large load ratio effects 

(Fig. 8), and are particularly sensitive to periodic compression 

overload cycles (12). In the latter case, the compressive loads act 

to reduce closure by crushing the smaller asperities, which can 

result in reduced closure, accelerated crack propagation rates and 

growth at the thresho 1 d (12). 

Third, microstructural factors known to be beneficial for 

resistance to crack initiation may have a very different effect on 

the growth of long cracks. This follows because the role of 

shielding becomes negligible where the crack wake is small or non

existent. In 2090, however, this may be less of a problem as the 

higher strength of this alloy is generally beneficial for crack 

in i t i at i on res i stance. 

Finally, this same influence of minimal shielding with limited 

crack wake will result in small cracks seeing a higher local IIdriving 

force ll
, compared to equivalent long cracks at the same 6l( (20,41). 

This is particularly significant in aluminum-lithium alloys because 

their superior long crack properties depend largely on extrinsic 

mechanisms (lS). The anomalously high growth rate behavior of 

microstructurally-small cracks in 2090 alloy is discussed in Part II 

(23) of th i s paper. 

15 



v. CONCLUSIONS 

Based on a study of the crack propagation and crack closure 

behavior of long (.~5 mm) fatigue cracks in 12.7 mm thick plate of 

conmercial Al-Li-Cu-Zr alloy 2090-T8E41, the following conclusions 

can be made: 

1. Rates of fatigue crack propagation in 2090 are found to be 

generally slower than in 2124 and 7150 aluminum alloys (over a wide 

range of da/dN from 10-12 to 10-6 m/cycle), despite having 30 pct 

higher strength. Such superior crack growth properties are 

associated with highly deflected and branched crack paths, which 
. . 

promote significa.nt crack tip shielding from crack deflection and 

resulting crack closure due to the wedging of fracture surface 

asperities. 

2. Fatigue crack growth rates in 2090, plotted as a function of 

the nominal stress intensity range t.K, are strongly dependent upon 

load ratio, consistent with the high closure levels at low R. By 

plotting as a function of the effective stress intensity t.Keff (after 

correcting for closure), the load ratio dependence of growth rates is 

significantly diminished. 

3. Fatigue crack growth and closure behavior in 2090 ;s found 

to be highly anisotropic, with growth. rates varying by up to 4 orders 

between different ori entat ions. The fastest growth rates, with 

associated lowest measured levels of closure, are observed where 

crack extens i on occurs perpend i cu 1 ar to the short-trans verse 
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direction (in the rolling plane), e.g., in the S-L and S-T 

orientations. The slowest growth rates, with associated highest 

levels of closure, conversely are observed where crack extension is 

perpendicular to the rolling plane, e.g., in the L-T, T-L and T-S 

orientations. 

4. The marked anisotropy in growth rate behavior is attributed 

to differences in crack tip shielding from crack deflection and 

closure, arising from differences in the morphology of the crack 

path. Due to the unrecrystallized, elongated grain structure 

perpendicular to the short-transverse direction, crack extension in 

the ro 11 i ng plane (i .e., S-L, S-T) occurs by an i ntergranu 1 ar 

delamination-type mechanism, with little associated shielding. 

Significant shielding, conversely, is developed for crack growth 

perpendicular to the rolling plane (i.e, T-L, T-S), where crack 

. extension is primarily crystallographic with evidence of microscopic 

deflection and macroscopic branching. 
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400 p,m 

XBB 864-3075 

Fig. 1: Optical microstructure of the three-dimensional grain 
structure 12.7 mm plate of commercial aluminum-lithium alloy 
2090-T8E41 (Ke 11 er's reagent etch). 
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Alloy 2090, T8 Temper 

GA-1748711 

OF 
(100)ZA 
1/2 (020)9 

XBB 858-6033A 

Fig. 2: Dark field transmission electron micrograph of the fine
scale microstructure of 2090-T8E41 alloy, showing 
heterogeneous precipitation of 8' on T2 precipitates 
(courtesy of R. J. Rioja). 
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XBL 8610-3731 

Fig. 3: Nomenclature relating to test specimen orientation and 
geometry relevant to long crack fatigue crack growth tests. 
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Fig. 4: Crack propagation behavior of long fatigue cracks in 2090-
T8E41 (T-L orientation), as a function of the nominal stress 
intensity range 6.K, compared to corresponding results 
(20,24) in 2124 and 7150 alloys. Data for tests in moist 
air at R = 0.1. 
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Fig. 5: Variation in crack closure stress intensity, Kcl, normalized 
with respect to Kmax, with nominal stress intensity range, 
t.K, for 2090 - T8 E 41 (T - Lor i en tat ion) at R = 0.1. 0 a t a are 
relevant to the long crack growth results in Fig. 4, and 
indicate differences in closure levels between 2090 and 
traditional high strength alloys 2124 and 7150 (12,20,24). 
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Fig. 6: Variation in fatigue crack growth rates (long cracks) in 
2090-T8E41 alloy at R = 0.1 as a function of orientation. 
Note how growth rates para 11 e 1 to the ro 11 i ng plane (e.g., 
S-L, S-T) are generally the fastest, whereas growth rates 
perpendicular to the rolling plane (e.g., L-T, T-S) are the 
slowest. Growth rates are plotted in terms of the nominal 
stress intensity range, t:.K. 
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Fig. 7: Variation in closure stress intensity, Kclt normalized with 
respect to Kmax , wi th nomi na 1 stress i ntens i ty ran~e, 6K, 
for long cracks in 2090-T8E41 alloy (at R = 0.1) as a 
function of orientation. Kc1 values are continuously 
monitored using back-face strain compliance techniques. 
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Fig. 9: Crack closure stress intensity Kcl data as a function of 
load ratio R for 2090-T8E41 alloy, corresponding to the 
crack growth data in Fig. 8. Back-face strain results are 
shown for a) L-T, b) T-L, c) T-S, and d) L+45 orientations. 
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L-T T-L 

T-S S-L 

S-T L+4S 

XBB 869-7355 

Fig. 10: Scanning electron micrographs of near-threshold fatigue 
fracture surfaces in 2090-T8E41 alloy, at 6K levels between 
3 and 8 MPalili (R = 0.1), for a) L-T, b) T-L, c) T-S, d) 
S-L, e) S-T, and f) L +45 or i entat ions. Arrow i nd i cates 
general direction of crack growth. 
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Fig. 11: Crack path morpho logy for long crack growth at R = 0.1 in 
2090-T8E41 alloy 'in the a) L- T, b) T-L, c) L+45, d) T-S, e) 
S-L, and f) S- T or i entat ions. The profi 1 es, wh i ch are 
derived from metallographic sections taken perpendicular to 
the crack surface at the center of the specimen, are 
typical for all load rat i os tested. 
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Fig. 12: Crack path profiles for the T-S orientation in 2090-TBE41 
alloy at a) R = 0.5, and b) R = 0.75, showing macroscopic 
90 0 branch i ng of the crack along the ro 11 i ng plane 
(parallel to the tensile stress axis). 
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orientation at R = 0.1 and 0.75. 
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Fig. 15: Types of crack path meandering during fatigue crack 
propagation in 2090-T8E41 alloy, showing a) macroscopic 
crack branching in the L-T orientation, b) microscopic 
crack deflection (crystallographic slip-band cracking) in 
L+45 orientation, and c) intergranular delamination-type 
cracking in S-L orientation. 
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Fig. 16: Schematic representation of crack extension perpendicular 
and para 11 e 1 to the weak 1 ayers norma 1 to the short
trans verse direct ion (i n the ro 11 i ng plane). 
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