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EFFECT OF PROLONGED HIGH-TEMPERATURE EXPOSURE ON THE FATIGUE AND
FRACTURE BEHAVIOR OF ALUMINUM-LITHIUM ALLOY 2090

K. T. Venkateswara Rao 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 (U.S.A.)

ABSTRACT _

Effects of prolonged exposures of 100 to 1000 hours at 163°C on
fatigue crack propagation and fracture toughness behavior have been
studied in commercial aluminum-1ithium alloy 2090-T8E41, and results
compared with behavior in similarly overaged 2124 alloy. Overaging
in 2090, which led to decreases in strength and toughness principally
through the fofmation of plate-liké copper-rich grain boundary
precipitates and associated copper-depleted and §' precipitate-free
zones, was found to result in increased fatigue crack growth rates
above +10-9 m/cycle; near-threshold growth rates were less affected.
Such behavior is related to a diminished role of crack-tip shielding
during crack extension in overaged microstructures, from less crack
deflection and lower crack closure levels (from asperity wedging),
arising from more linear crack paths. Despite this degradation in
fatique crack growth properties following high temperature exposure,
crack growth rates in the overaged 2090 remain comparable or superior
to traditional high strength aluminum alloys, such as 2124-T351 and
7150-T651, due primarily to higher overall levels of crack-tip

shielding.



1. INTRODUCTION

Due principally to their lower density, higher strength and
stiffness, and superior fatigue and cryogenic toughness properties
compared to traditional high strength aluminum alloys (1-4),
aluminum-1ithium alloys have recently been targeted for potential use
in advanced aerospace vehicles, such as the Advanced Tactical Fighter
and the National Aerospace Plane. With certain components, such
applications will involve periodic exposures to high temberatures for
prolonged time periods during service, which potentially may degrade
the mechanical properties of the alloy through overaging. Although
extensive data have fecent]y been documented on the effect of such
thermal conditions on tensile properties (5), 1ittle information
exists on toughness and fatigue properties. It is thus the purpose
of this paper to examine the effect of sqch high-temperature
exposures (up to 1000 hr at 163°C) on the microstructure, fracture
and fatigue resistance of a commercial Al-Li-Cu-Zr alloy, 2090-T8E41,

and to compare behavior to a similarly overaged 2124 aluminum alloy.

2. EXPERIMENTAL PROCEDURES

Aluminum-1ithium alloy, 2090; was received from ALCOA as
commercially peak-aged (T8E41) 12.7 mm thick plate. The designation
T8E41 refers to a solution treatment at 549°C, water quench, and 6%
stretch prior to aging 24 hr at 163°¢ (6). The alloy was compared
with a similar-sized plate of 2124-T351. Compositions are listed in

Table 1. Prolonged high-temperature exposures were carried out by



further aging at 163°C (3259F) for 100 and 1000 hr to yield 1ightly
overaged (LOA) and highly overaged (0A) microstructures,
respectively. Corresponding room temperature mechanical properties

are listed in Table 2.

TABLE 1

Composition of aluminum alloys 2090 and 2124

Element

amount Cu Li Ir Cr Zn Fe Si Mg Mn Ti Al
(wt.%)

2090 2.86 2.05 0.12 - - 0.02 0.01 0.01 0.005 0.02 bal
2124 4.50 - - 0.10 0.25 0.30 0.20 1.50 0.500 0.15 bal
TABLE 2

Room temperature mechanical properties of alum1num alloys 2090 and
2124 as a function of aging treatment

Yield Tensile Elongation Fracture
Alloy strength strength in 14 mm toughness
(MPa) (MPa) (%) (MPa/m)
2090-T8E41 548 579 9.3 24
2090 LOA 545 566 12.0 -
2090 OA- 466 - 527 10.0 20
2124-T351 360 488 17.8 -
2124 LOA 474 505 10.7 42
2124 0OA 432 : 477 8.4 45




.. Fracture toughness, K;., and (long-crack) fatfgue crack
proﬁagation testing were performed in room temperature air (22°C, 45%
relative humidity) on 6.7 mm thick compact C(T) specimens, machined
from the central sections of the plates in the T-L orientation.
Constant-amplitude crack growth tests were conducted along the
guidelines of the ASTM standard E 647-86A (7), using automated
electro-servo-hydraulic testing machines, operating at a frequency of
50 Hz (sine wave) with a. load ratio (Kmin/Kmax) of 0.1. An
exponential load shedding scheme, using a normalized stress-
intensity K-gradient of -0.1 mm'1 (7), was used to measure near-
threshold growth rates; fatigue thresholds, AKyy, being defined

12 m/cycle. Crack

operationally (11) at a maximum growth rate of 10~
length and crack closure were continuously monitored using d.c.
electrical potential and back-face strain compliance techniques,
respéctive]y. The closure stress intensity, K.y, was measured at
first deviation from linearity of the unloading compliance curve,
corresponding to first contact of the fracture surfaces (8). Crack
growth data are thus described in terms of both the nominal
(8K = Koo\ - Knin) and effective (AKges = Kooy -Ko1) stress intensity
ranges.

Fracture toughness and fatigue fracture surfaces were examined
in the scanning electron microscope (SEM) and from crack path
profiles, obtained by metallographic sectioning at specimen center-
thickness, normal to the fracture surface, on cracks previously

impregnated with epoxy.



3. RESULTS
Microstructure

In the as-received T8E41 condition, 2090 shows a highly
anisotropic, unrecrystallized microstructure, with large pan-cake
shaped grains (v 20 um thick by 500 um wide), elongated several mm in
the rolling djrection (Fig. 1). Using transmission electron
microscopy, it is evident that strengthening in the peak aged
condition is due to coherent, ordered, spherical precipitates of 6;
(Al5Li), and plate-like precipitates Ty (Al,CuLi) and T, (AlgCuLis),-
together with B' (Al3Zr) dispersoids (Fig. 2a), as has been
described elsewhere (6,9). Precipitates are generally distributed
homogeneously within the érains, and are largely suppressed on grain
boundaries due to the 6% stretch prior to artificial aging.

Recrystallization or grain growth was not observed during
overaging, even for 1000 hr exposures. However, there was evidence of
coarsening of the matrix &', Ti and Té precipitates, an increased
density of possibly Ti or Té along subgrain boundaries, and the
formation of § And copper-rich\p]aterl{ke precipitates along grain
boundéries, resulting in copper-depleted and §' precipitate-free
zones (PFZs) (Fig. 2b), similar to results réported for experimental

Al-Li-Cu alloys (10).

Strength and Toughness Properties
Whereas 100 hr overaging treatments on 2090 produced only a

negligible change in mechanical properties compared to the T8E4l



condition, both yield strength and toughness were reduced roughly 15%
following overaging for 1000 hr (Table 2). Corresponding results for
1000 hr overaged 2124 show a 20% increase in strength and a
marginal increase in toughness, compared to the T351 temper.

Fracture surfaces of the toughness specimens in 2090 are shown
in Fig. 3, and indicate predominantly intergranular fracture
{intergranular bands run parallel to the crack growth (rolling)
direction), interdispersed with regions of microvoid coalescence.
With increased aging times, the lower toughness is associated with a
more pronounced intergranular mode, consistent with the enhanced
grain and subgrain boundary precipitation and corresponding PFZs
(Fig. 2b). In addition, there is evidence of void coalescence around

1 to 2 um sized iron- and copper-rich intermetallic particles.

Fatigue Cfack Growth Behavior

Fatigue crack propagation and associated levels of crack closure
for the peak-aged (T8E41) and two overaged microstructures in alloy
2090 are shown as a function of the nominal AK in Fig. 4. It is
apparent that, while near-threshold growth rates and the value of
AKpy remain relatively unaffected, with increasing overaging crack
propagation rates above 10-2 m/cycle become progressively faster,
by up to an order of magnitude (Fig. 4a).

The acce]eréted growth rates in the overaged structures are
concurrent with decreased closure levels (Fig. 4b), consistent with a

change in crack path morphology (Fig. 5). As reported elsewhere



(11,12), fatigue crack paths in the T8E41 microstructure show
significant microscopic deflection and macroscopic
branching/meandering (i.e., general crack path tortuosity), due

primarily to the intense slip planarity and strong texture,

~respectively (Fig. 5a). These factors provide a potent means of

Towering the local "crack driving force" experienced at the tip,

i.e., a reduced AK,¢¢ through crack tip shielding (8), from such
mechanisms as crack deflection (13) and resulting roughness-induced
crack closure (14-16) from the wedging action of enlarged asperities
inside the crack. With prolonged overaging, crack paths ultimately
become macroscopically linear (Fig. 5c), accounting for the lower
closure levels and faster growth rates (Fig. 4).

Representative SEM fractographs of fatigue surfaces in 2090 are
shown in Fig. 6. It is apparent that the well-defined transgranular
facets characteristic of heavily deflected crack paths in the peak-
aged condition become "smoothed out" in the overaged structures. In
addition, there is increasing evidence of surface oxidation on the
overaéed fatigue fracture sur%aces. Mean excess oxide thicknesses
(17), measured using Auger spectroscopy, were found to.be of the
order of 2 to 10 nm in these microstructures. Such deposits,
however, were considered unlikely to promote significant oxide-
induced crack closure (18,19), as their size was small compared to
cyclic and maximum crack tip opening displacements (i.e., which were

of the order of 50 and 150 nm, respectively, at AKyy).



4. DISCUSSION

Overaging in traditional high-strength aluminum alloys, such as
2024, 7075, etc., generally yields microstructures strengthened by
incoherent matrix and grain boundary precipitates, with associated
PFZs and decreased slip planarity. Compared to peak-aged conditions,
such microstructures show lower strength yet comparable, if not
improved, toughness (e.g., 2124 results in Table 2), due largely to a
change from planar to dispersed slip (e.g., ref. 20). Aluminum-
Tithium a110y 2090, conversely, shows a reduction (v 15%) in
strength and tbughness on overaging (see also ref. 5), similar to
that reported for éxperimenta] A1-Li-Cu-Zr alloys containing 2 to 3
wt? Li (21,22). Whereas decreased slip planarity, which results in a
reduced propensity for crack bifurcation and branching, has been

suggested as one mechanism for decreasing toughness with aging (23)%,

*Decreasing slip planarity is generally considered to increase
toughness, as planar slip can lead to strain localization at grain
boundaries, thereby enhancing the formation of microcracks or voids
at grain boundary precipitates (20,24-26).

no evidence was found for major geometrical changes in crack path in
toughness tests of 2090, based on metallographic sectioning taken at
specimen mid-thickness. Conversely, the lower toughness on overaging
appears to be associated primarily with grain boundary precipitation
and resulting strain localization in weak, solute-depleted
precipitate-free zones and a decreased volume fraction of

strengthening precipitates. It is thus apparent that the
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commercially peak-aged T8E4l microstructure offers optimum mechanical
properties, at least with respect to strength and toughness.

With respect to fatigue crack propagation, the T8E4l
microstructure similarly displays optimum properties. This has been
attributed primarily to the deflected and brarched nature of the
fatigue crack paths, which result from the marked slip pianarity and
strong texture in this microstructure (11,12). This in turn
promotes significant crack tip shielding, primarily from mechanisms
of crack deflection and consequent crack closure from asperity
wedging. With prolonged overaging, however, crack growth properties
are clearly degraded, although the magnitude of the effect is not
large and predominates above ~ 1079 m/cycle (Fig. 4). From Figs. 4
and 5, it is evident that the faster growth rates are directly
associated with Tower crack closure levels, concomitant with a
decreasing téndency for crack path tortuosity, and lower slip
reversibility, from the more dispersed nature of slip in the overaged
microstructures. | |

Despite losses in strength, toughness and fatigue resistance
with prolonged exposure at 163°C, the properties of overaged 2090
remain comparable, if not superior, to similarly overaged traditional
high-strength aluminum alloys in all but (ambient temperature)
fracture toughness. For example, overaged 2090 displays similar
strength, far superior fatigue crack growth rate behavior below
~ 1079 m/cycle (with a 50% higher fatigue threshold), and identical

behavior above 10~9 m/cycle to peak-aged and overaged 2124 alloys



(Fig. 7a). Essentially, the linear crack paths induced by overaging
in 2090 reduce the measured closure levels to that of 2124 (Fig. 7b).
In addition, the overaged alloy compares favorably with the growth-
rate behavior of commercially heat-treated alloys; it is comparable
to 2124-T358! and and 7150-T651, and is superior to that of 7150-7751
(Fig. 8).

Finally, it should be noted that since the beneficial fatigue
crack propagation properties of 2090 result in Iarge part from
enhanced crack tip shielding due to deflected crack paths (promoted
by marked s1ip planarity and texture),:fhe superior crack growth
resistance may not be retained where principal mechanisms of
shielding are restricted. This has been observed in the 2090-T8E4l
alloy at high load ratios, where the larger crack opening
displacements minimize the effect of crack closure induced by wedging
of asperities (12); in the presence of periodic compression overload
cycles, where the compressive stresses can reduce closure by crushing
such asperities (11); and with microstructurally and physically
(<1 mm) small cracks, where the diminished crack wake markedly

limits the development of all closure mechanisms (27).

5. CONCLUSIONS

Based on a study on the effects of 100 and 1000 hr overaging
exposures at 163°C on the fatigue and fracture behavior of
commercially peak-aged 12.7 mm thick plate of Al-Li-Cu-Zr alloy 2090-

T8E41, the following conclusions can be drawn:

10



1. Whereas only negligible changes in mechanical properties
were detected following 100 hr overaging exposures, 1000 hr exposures
were found to induce ~ 15% reductions in yield strength and fracture
toughness, compared to the peak-aged condition. Such degradation in
strength and toughness on overaging was attributed to the cbarsening
of matrix precipitates (6',1&, Té),and'the formation of subgrain
boundary Ti or Té precipitates and grain boundary & and Cu-rich
precipitates, which resul ted-in Cu-depleted and precipitate-free
zones. |

2. Above ~ 10?7 m/cycles, fatigue crack growth rates
progressively increased with pro]onged overaging, although near-
threshold growth rates below mlO‘ m/cycle were comparat1ve1y

o

unchanged. Such behavxor was attributed to a- me;sured reduction in
crack closure in overaged, cdﬁzt;éd to pégl:;g:f>mftfgﬁtructures,
consistent with a macro?topic change from branched to linear crack
paths, associated with decreased slip planarity.

3. Despite reductions in strength and fatigue resistance
following 1000 hr exposures at 1639C, fatigue crack growth rates in
overaged 2090 are still comparable, if not superior, to similarly

overaged 2124 alloys, and to commercially heat-treated 2124-T351,
7150-T651 and 7150-T751 alloys.
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100 pm
Pcmme]

XBB 864-3075

Fig. 1. Three-dimensional optical metallograph of the pancake-shaped
grain structure of 12.7 mm thick plate of Al-Li-Cu-Zr alloy 2090-T8E41
(Keller's reagent etch).
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XBB 874-2890

Fig. 2. Transmission electron micrographs of microstructures in the
Al-Li-Cu~Zr alloy 2090 in a) b) peak-aged (T8E41l) condition, and c) d)
overaged (~1000 hours at 163°C) condition. Prolonged aging results in
coarsening of matrix precipitates &', T1, To (see region A),

subgrain boundary and grain boundary precipitation of § and Cu-rich
precipitates (regions B and C) and the consequent formation of
precipitate-free zone (see text).
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XBB 874-2891

Fig. 3. Scanning electron micrographs showing predominantly
intergranular fracture associated with toughness tests in alloy 2090
in a) peak-aged (T8E41), b) ~100 hr overaged (LOA), and c) ~1000 hr
overaged (OA) conditions. Note evidence of void coalescence around 1
to 2 ym particles, which were identified as Fe/Cu-rich intermetallics.
Arrow indicates general direction of crack growth.
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Fig. 4. Variation in a) fatigue crack growth rates (da/dN) and b)
crack closure (Kc1) levels at R = 0.1 in 2090 alloy in the peak-aged
(T8E41), 1ightly overaged (LOA) and overaged (OA) conditions. Note
the increase in crack growth rates (particularly above ° 10-

m/cycle), concomitant with lower closure levels, with prolonged

overaging.
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Fig. 5. Optical micrographs of the morphology of fatigue crack paths
in 2090 alloy, showing a,b) branched and meandering cracks typical of
the peak-aged (T8E41) and ~100 hr overaged (LOA) microstructures, and
c) linear crack profiles typical of the ~1000 hr overaged (OA)
microstructures (Keller's reagent etch).
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Fig. 6. Scanning electron micrographs of near-threshold fatigue
fracture surfaces in 2090 alloy at aAK = 3 - 8 MPavMm (R = 0.1) for
a) peak-aged (T8E41), b) ~100 hr overaged (LOA), and c) ~1000 hr
overaged (0OA) microstructures. Note how fatigue fractures are
transgranular compared to predominantly intergranular fracture in
toughness tests (Fig. 3). Arrow indicates the general direction of
crack growth.
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Fig. 7. Comparison of a) fatigue crack propagation rates (da/dN), and
b) crack closure (Kc1) behavior at R = 0.1 in 2090 and 2124 alloys
(T-L orientation) subjected to ~ 100 hr and ~ 1000 hr exposures at

1639C.
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Fig. 8. Comparison of the fatigue crack propagation behavior of

peak-aged (T8E41) and overaged (1000 hr at 1639C) 2090 alloy with
published results for 2124-T351, 7150-T651 and 7150-T751.

Note how

2090, even after 1000 hr overaging exposures, remains comparable, if
not superior, to traditional high strength aluminum alloys. Data for
2124 and 7150 were taken from refs. 8 and 28.
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