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ABSTRACT Initiation and microcrack propagation stages were 
investigated by optical microscopic observations of fatigue damage . The 
differerices observed at high fatigue lives on S-N curves are found to correlate 
with the nature of initiation sites . It is shown that microcrack growth rates 
are equivalent for both 2024 T351 and 2091 T8 alloys, though long crack 
growth rates for 2091 T8 are lower as compared to those of 2024 T351 . 

Introduction 

Due to economic reasons, materials for aerospace applications are 
selected such that the weight of the structures is kept as low as possible 
without any loss in the reliability which is required . In addition to high 
mechanical properties, good fatigue behavior is very often required in 
aeronautical component design . So, it is interesting to examine whether new 
AL-LI alloys, which offer a lower density and a higher modulus than 
conventional aluminum alloys, possess this quality . 

The subject of this study is to test the fatigue behavior of 2091 T8 alloy 
in comparison with the 2024 T351 alloy currently used in aircraft components 
. Fatigue lives of both materials are compared by analysing successiveiy the 
crack initiation stage and the stage of short crack propagation . 

Materials and experimental procedure 

Two 2 mm thick plates of aluminum alloy, of composition (wt%) shown in 
table 1, were investigated : a 2091 plate in the T8 temper aged condition (T3 
+ 1 2 ~  135°C) and a conventional 2024 T351 plate . Room temperature 
mechanical properties are listed in table 2 . 

The intermetallic constituent particles, visible in the optical 
microscope,were qualitatively identified by energy dispersive X ray analysis 
and ionic microprobe . Referring to the litterature (1,2), they were recognized 
as : 
- AI,,(FeMn),Si, ; A12CuMg ; A12Cu in 2024 

- AI,Cu,Fe ; (AI,Cu,Li,Mg) phase in 2091 
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A quantative estimation of the particle density showed that the total number 
of intermetallic particles in 2024 T351 was ten times greater than in 2091 T8 
and there was a ratio of three between AI,,(FeMn),Si, and (AI,Cu,Li,Mg) phase 

numbers 

Table 1 : Chemical composition ( wt % 1 

Table 2 : Mechanical ~ r o ~ e r t i e s  in lonaitudinal direction 

Yield strength U.T.S Elongation 
(MPa) (MPa) 

Initiation and propagation of fatigue microcracks were observed on a flat 
specimen (named A.M.specimen) which was lightly notched in its center in 
order to minimize the area to be observed (fig.1) . The notch was mechanically 
polished using 1 p m  diamond paste . The corresponding stress concentration 
factor ( Kt = local stress at the notch root / nominal stress ; nominal stress = 

F1h.e ; fig.1) calculated by the finite element method was about 1,6 . 

Fig .1 A.M. specimen Fig .2 Optical microscope 
mounted on the M.T.S machine 



Tests were conducted at room temperature in air, on a + 15 kN M.T.S. 
fatigue machine, at a frequency of 20 Hz . The constant amplitude loading was 
in tension-tension ( R=0.1, R=Fmi,/F,,, ) with the stress direction parallel to 

the rolling direction . An optical microscope with 250 and 640 magnifications 
was mounted on a x-y micrometer which was attached to the M.T.S machine as 
shown in figure 2 . 

Long crack growth tests were performed on compact center tension 
specimens, with R=0.1, in L-T direction . 

Results 

Damage was investigated over fatigue lives ranging from Nr=30,000 cycles to 
Nr= l o 7  cycles ( Nr is the number of cycles to failure ) . The optical 
observations on A.M.specimens, which allowed the detection of cracks of 
length greater than 10 pm, indicated that all cracks nucleated at surface 
constituent particles; the size of these particles was found greater than 3 pm 
. These are identified as AI,,(FeMn),Si, in 2024 alloy(fig. 4 a) and 

(Al,Cu,Li,Mg)phase in 2091 alloy (fig. 4 b) . Two mechanisms were observed 
either the particle cracked or there was matrix-particle interface debonding . 
After initiation, many cracks started to grow and finally met leading to 
failure . Furthermore, more cracks developed in 2091 than in 2024 for the 
same applied stress . This is illustrated in table 3 . 

S=260MPa * S = 225 MPa 

number of 2024 T351 2091 T8 2024 T351 2091 T8 
cycles 

Table 3 : Number of microcracks detected bv o p t w  
microsco~v durina fatiaue tests 

It has to be noted that in 2091 alloy many (AI,Cu,Li,Mg) phase particles 
broke without crack propagation into the matrix . 

Both S-N curves (fig.3) plotted from these test data show a similar 
behavior at Nr < l o 5  cycles and a lower fatigue limit is observed for 2091 
alloy . 
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Fig.3 S-N curves of 2024 T351 and 2091 T8,R = 0.1 

Fig. 4 a and 4 b show the variation of surface crack length (2a) versus 
number of cycles, at S =260MPa which corresponds to fatigue lives of about 
l o 5  cycles . Taking into account the large number of cracks in a specimen, only 
some representative ones are presented . Some initiated microcracks were 
observed to become non-propagating . They stopped either at a grain boundary 
or in the matrix (by local unloading or interaction with the microstructure 
under the surface) . 
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x 
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Fia.4 Initiation and propagation behavior of microcracks - 

in 2024 T351 (a) And in 2091 T8 (b) 

1 AK ( MPaTm ) 
Fig.5 Crack growth rates versus stress 

intensity factor range , at R = 0.1 

Long crack growth results are shown on figure 5 . The growth rate for 
2091 T8 is significantly lower as compared to those of 2024 T351 in the range 

mm/cycle < datdn < mmlcycle . 



Discussion 

Concerning initiation mechanisms, it is interesting to note that more 
microcracks are generated in 2091 T8 alloy than in 2024 T351 alloy though the 
number of intermetallic constituent particles is lower . The origin of this 
difference may be sought in intermetallic compound compositions; the 
brittleness of (AI,Cu,Li,Mg) phase particles seems to be greater compared to 
AI,,(FeMn),Si, or the particle-matrix interface is more brittle in 2091 alloy . 
This assumption is supported by works in progress in our laboratories which 
show that, at very low strain or stress, sinuous deformation modes could be 
observed . In our opinion, these deformation modes have a little influence on 
microcrack mechanisms . 
This assumption is also in agreement with test results : in each alloy, only one 
kind of particles induce damage . 

To explain the S-N curves of both alloys (fig.3), we have divided the 
following discussion into two parts : 

- Nr <lo5 cycles ( S 2 260 MPa ) 

In this work, we consider that the initiation stage corresponds to the 
number of cycles (Na) necessary to generate the first microcrack observable 
by optical microscopy . Its length is in every case in the range of 10 to 20 ym 

If we plot S versus Na/Nr ratio (fig.6) we observe for both materials that 
initiation occurs in the early stage of the life time . This fact appears also on 
the curves of figure 4 : initiation occurs during the first ten percent of total 
life ; therefore short crack propagation is predominant . For instance, about 80 
% of total life is concerned with propagation up to a length of 200 y m  . 

I Na/Nr ("4 ] 
Fig.6 Variation of fatigue life at initiation versus 

applied stress at R = 0.1 

For a better understanding of microcrack propagation behavior, we 
transposed the data on to curves giving crack growth rates as a function 01 
surface crack mid-length (fig.7).These are made up of series of deceleration 
and acceleration periods between 10" mmlcycle and mmlcycle up to a 
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crack length of approximately 2a = 200 pm . This behavior has already been 
observed in previous works (3,4,5) . Retardation of crack advance occurs when 
a crack tip approaches a microstructural feature ( predominantly grain 
boundaries ) . The figure 7 shows similar microcrack growth rates for both 
2024 T351 and 2091 T8 alloys . 

Thus, we can see that the initiation and microcrack propagation stages 
are equivalent at Nr I l o 5  cycles, which explains the equal fatigue lives to 
failure . 

On the other hand, microcrack growth rates are similar for both materials 
though the long crack growth rates are very different . A possible explanation 
is that closure effect, which is important at R = 0.1 for long cracks becomes 
negligible for short cracks . This is supported by recent studies (6,7) . 

- Nr > lo5 cycles ( S < 260 MPa) 

At S < 260 MPa, fatigue damage is predominantly induced by crack 
initiation . This is supported by the two following points : firstly, Na/Nr ratio 
increases rapidly when the applied stress decreases ; secondly, on each 
material, several tests were conducted at stresses below the fatigue limit 
( Nr > l o 7  cycles ) . After many optical observations during the test, no 
microcracks have been detected, contrary to observations made by some 
authors (5) . 

Therefore, the lower fatigue limit of 2091 compared to 2024, as 
determined by our experiments on A.M.specirnens, may be due to the apparent 
greater brittleness either of the (AI,Cu,Li,Mg) phase particles or of the 
interface between these particles and the aluminum matrix . 



Conclusions 

This research shows that fatigue crack initiation and microcrack 
propagation stages are equivalent for 2091 T8 and 2024 T351 alloys, at R = 0.1 
and at low fatigue lives ( S> 260 MPa ) . 

In both alloys, the initiation of microcracks occurs either at cracked 
particles or at the matrix-particle interface ; these particles are identified as 
(AI,Cu,Li,Mg) phase in 2091 T8 and AI,,(FeMn),Si, in 2024 T351 . 

The lower fatigue limit of 2091 alloy, observed in this work, can be 
explained by a greater brittleness of initiating particles . 

Long crack growth results show a better crack growth resistance of 
2091 T8 at R = 0.1 . 

This study shows encouraging fatigue results for 2091 T8 alloy compared 
to 2024 T351 alloy . For a better knowledge of the 2091 fatigue behavior, it 
would be necessary to continue this work by fatigue tests under variable 
amplitude loadings . 
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