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Aluminum-lithium alloys are candidate materials for many aerospace applications because of their high 
specific strength and elastic modulus. These alloys have several unique characteristics such as excellent fatigue 
crack growth resistance when compared with that of the conventional 2000 and 7000 series alloys. In this study, 
fatigue crack propagation behavior has been examined in a commercial thin plate of Al-Li-Cu-Mg alloy (8090), 
with specific emphasis at the fatigue threshold. The results are compared with those of the traditional Al-Cu-Mg 
alloy (2024). Fatigue crack closure is used to explain the different behavior of the compared alloys.
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1. Introduction

Since its discovery by Elber1, fatigue crack closure has been an in-
tensely studied parameter associated with fatigue crack growth behav-
ior. Crack closure is important because it tends to alter the relationship 
between the applied stress intensity factor range (∆K = K

max
 – K

min
) 

and that actually experienced by the crack tip (∆K
eff

 = K
max

 – K
cl
). 

Under constant amplitude loading, crack closure tends to decrease 
the applied stress intensity, resulting in a corresponding reduction in 
crack growth rate. Elber attributed the phenomenon of closure to the 
mechanism of plasticity-induced crack closure. Suresh and Ritchie2-4 
introduced the additional mechanisms of oxide-induced and surface 
roughness-induced crack closure, and Suresh5,6 presented the effect 
of crack deflection on local stress intensities and crack closure. 

The level of crack closure is affected by many parameters, like 
material microstructure, specimen geometry, crack tip geometry, 
crack size, loading conditions (K

max
, R ratio, overloads), and test 

conditions (ambient and temperature). An example of this depend-
ence is presented in Figure 1, which shows schematic variations of 
crack closure for different closure mechanisms7.

During the past decades, Al-Li heat-treatable alloys have been 
widely investigated8-10 because of their superior specific strength and 
modulus compared with those of the conventional aluminum alloys. 
In addition, excellent fatigue resistance is observed in many micro-
structures. Such characteristics make these alloys good candidates 
for future airframe structures.

The purpose of this research was to compare the fatigue crack 
growth behavior of the quaternary Al-Li-Cu-Mg (8090) alloy with 
that of the traditional Al-Cu-Mg (2024) alloy. Fatigue crack growth 
methodology was considered, with specific emphasis at the fatigue 
threshold. Crack closure was used to explain the different behavior 
of the two alloys.

2. Materials and Methodology

Two kinds of aluminum alloys, namely, 2024 and 8090 were 
studied. Both alloys were provided in the form of rolled plates that 
had been solution-treated and naturally aged. 

Tensile tests were made on longitudinal specimens, according to 
ASTM B557M-0111, on a 100 kN universal test machine.

Fatigue crack growth tests were done, according to ASTM E647‑0112, 
under a constant amplitude sinusoidal wave loading and at stress ratio 
R of 0.3. For this purpose a 100 kN MTS servo-hydraulic testing 
machine, interfaced to a computer for machine control and data 
acquisition, was used. 

C(T) specimens (4 mm thick, 50 mm wide) in L-T orientation 
were tested. All tests were conducted at a frequency of 30 Hz, room 
temperature ranging from 20 °C to 25 °C, relative humidity from 
60% to 70%, and in air environment. Crack length and crack closure 
were measured by the crack mouth opening displacement method 
(compliance method). 

Fracture surfaces were analysed using a JEOL scanning electron 
microscope. Fatigue crack path morphologies were examined on 
metallographic sections by means of LEICA optical microscope. 
Transmission electron microscope (TEM) was used to study the 
characteristic of precipitates.

3. Results and Discussion

Figure 2a and 2b shows the microstructures of 2024 and 8090 
aluminium alloys studied. Both alloys demonstrate an unrecrystal-
lized pancake-shaped grain structure along the rolling direction. 
This is a normal microstructure of heat- treatable alloys, which is 
responsible for the best tensile mechanical properties and fracture 
toughness13‑16. Figure 3a and 3b shows TEM images of the two 
microstructures. Although the microstructure magnification of Al 
8090 alloy (Figure 3b) is twice than that of 2024 (Figure 3a), the 
precipitates in 8090 are still smaller than those in 2024. The type, 
size, form, volume fraction, distribution, and coherency of these 
precipitates significantly affect both strength and fracture toughness 
of the material.

The room temperature mechanical properties of both 2024 and 
8090 aluminum alloys are given in Table 1. The results of these alloys 
are in agreement with several published data15,18-20.
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At R = 0.3, fatigue crack growth rate, da/dN, as a function of stress 
intensity factor range, ∆K, for the two Al alloys (2024 and 8090) is 
presented in Figure 4. Although the elongation value of 8090 is 54% 
of that of 2024 (Table 1), the propagation rate of the former is lower 
than that of the latter, in both threshold and Paris regions. 

Values of the stress intensity factor at closure, K
cl
, were obtained. 

Figure 5 demonstrates the K
cl
/K

max
 ratio as a function of ∆K. For 

2024 aluminium alloy, it is seen that the K
cl
/K

max
 ratio (closure effect) 

linearly decreases with ∆K. On the other hand, for 8090 alloy, a nearly 
constant relationship between closure effect and ∆K is found. It is 
also important to see that 8090 alloy presents higher closure values 
than those of 2024.

Metallographic sections were taken perpendicular to the fracture 
to indicate crack path profile. Figure 6a and 6b presents the crack 
path in Al 8090. Irrespective of the ∆K value, the crack propagates 
transgranulary. At near-threshold region (Figure 6a), the profile shows 
an evidence of more crack roughness than that at higher growth 

Kmax
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Figure 1. Influence of K
max

 on crack closure load for three forms of crack 
closure; plasticity-induced crack closure, roughness-induced crack closure, 
and oxide-induced crack closure as well as their combined influence7.

(a)

(b)

Figure 2. Optical micrographs, a) Al 2024 (100X); and b) Al 8090 (500X). 
Keller’s etching17.

(a)

(b)

Figure 3. TEM micrographs, a) Al 2024 (30.000X); and b) Al 8090 
(60.000X).
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rates (Figure 6b). The profile also shows crack bifurcation; this is an 
interesting result. All these characteristics observed in 8090 are less 
pronounced in 2024 alloy.

Figure 7a and 7b shows a close-up view of the fractured surfaces 
of the specimens. It is seen that the Al 2024 alloy has a flat and brilliant 
surface (Figure 7a), while the surface of the Al 8090 is tortuous and 
grey (Figure 7b), indicating the possibility of oxidation.

Table 1. Tensile properties of 2024 and 8090 aluminum alloys. Three speci-
mens.

Alloy E (GPa) σ
ys

 (MPa) σ
uts

 (MPa) ε
t
 (%, 30 mm)

Al 2024 67 ± 2 373 ± 17 489 ± 2.5 25.0 ± 3.8

Al 8090 80 ± 2 216 ± 3.5 343 ± 2.1 13.5 ± 0.1
σ

ys
: 0.2% Yield tensile strength

σ
uts

: Ultimate tensile strength
ε

t
: Total strain

Fractographic analysis of fatigue crack growth at near-threshold 
for the Al 8090 alloy shows a predominant transgranular fracture 
mode, with the “hill-and-valley” type appearance and shear facets, 
with an associated zig-zag path (Figure 8a). Such fracture demon-
strates high roughness and high crack deflection angles, characteristic 
of extensive crack closure induced by asperity wedging (see also 
Figure 6 and Figure 7b). At higher growth rates, fracture surfaces 
remain transgranular, but with evidence of striations (Figure 8b). 

For Al 2024 alloy, fracture surfaces are more planar, without 
shear facets at near-threshold region, and with many striations in all 
extension of the test, as seen in Figure 9. 

Many researches21-33 indicate the following factors that can explain 
the better performance of Al-Li alloys in comparison with other Al 
alloys, near the threshold ∆K

th
 region of crack growth:

a)  planarity and reversibility of slip;
b)  differences in Young modulus;
c)  oxide-induced crack closure;
d)  roughness-induced crack closure; and
e)  crack deflection.
The Al alloys studied in this work have the same underaged 

microstructure, with the traditional planar and reversible motion of 
dislocations. This factor doesn’t contribute to the different behavior 
of the alloys.
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Figure 4. Variation of fatigue crack growth rate with stress-intensity-factor 
range.
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Figure 5. Variation of crack closure with stress-intensity-factor range.
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Figure 6. Lateral surfaces, Al 8090. Arrow indicates the direction of crack 
propagation.
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Table 1 showed that the Al 8090 has a Young modulus 19% 
superior to the Al 2024 alloy. This is a possible contribution to the 
different behavior, because crack opening displacement (a parameter 
related to the driving force for crack growth) is inversely proportional 
to the Young modulus. 

The level of crack closure near the threshold ∆K
th
 is nearly 50% 

different for the two Al alloys. This is the most important parameter 
responsible for the difference in the fatigue behavior. In this case, 
oxide-induced crack closure (Figure 7), roughness-induced crack 
closure (Figures 6 and 8) and crack deflection (Figure 6) are together 
the causes of 50% higher value of ∆K

th
 of Al 8090 alloy.

At higher crack growth rates, crack closure mechanism changes to 
plasticity-induced crack closure. Since Al 8090 alloy has lower yield 
stress (Table 1) than Al 2024 alloy, then the level of crack closure 
developed is higher for Al 8090 alloy.

4. Conclusions

•  The fatigue crack growth resistance of the Al 8090 alloy is 
higher than that of the Al 2024 alloy, mainly in the near-
threshold region;

•  The threshold stress intensity factor range, ∆K
th
, in Al 8090 is 

50% higher than that in Al 2024 alloy; and

(a)

(b)

Figure 9. SEM fractography of Al 2024 alloy of a) low ∆K region; and b) high 
∆K region. 250X. Arrow indicates the direction of crack propagation.

Figure 7. Fracture surfaces, a) Al 2024; and b) Al 8090.

(a)

(b)
Figure 8. SEM fractography of Al 8090 alloy of a) low ∆K region; and b) high 
∆K region. 250X. Arrow indicates the direction of crack propagation.

(a)

(b)
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•  Crack closure can be used to explain the different behavior of 
the alloys studied. Oxide-induced crack closure, roughness-
induced crack closure, and crack deflection are responsible 
for the behavior in the near-threshold region. On the other 
hand, plasticity-induced crack closure is active for higher 
crack growth rates. The level of crack closure is 50% superior 
for the Al 8090 alloy.
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