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Abstract. This note reports an interesting phenomenon found in our experimental 
studies for the coalescence between two neighborly located holes in an 
Aluminum-Alloy strip under cyclic tensile loadings. Unlike expected, the initial 
fatigue crack is found not to nucleate in the center region between the two holes, 
where the stress concentration is much larger than other positions, rather, the 
initial crack does always nucleate at the outside rim of holes far apart from the 
center region. The coalescence between the two holes always occurs far after the 
initial fatigue crack nucleation.  
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1. Introduction 
 
The fatigue life of an aircraft component made of Aluminum alloys can be 
divided into two phases, the fatigue crack initiation life and the fatigue crack 
propagation life, which have been widely investigated by many researchers using 
both experimental measurements and numerical simulations. The first phase has 
been measured by using notched specimens to simulate the geometry 
discontinuity in aircraft components, where the stress concentration occurs, 
whereas the second phase has been analyzed by using the fracture mechanics 
approach that has been well addressed since Paris reported his famous work (see, 
e.g., [1-20] among many others). Whereas small holes are widely used in aircraft  
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components due to rivets and cracks may be nucleated at the rims of holes during 
aircraft service, which might induce a subsequent damage, e.g., a fatigue crack 
grows through the rims of the two holes (i.e., coalescence of the two holes), and 
final failure or catastrophic event [7]. This crack growth is quite different from the 
general meaning of the fatigue crack propagation life. This note focuses special 
attention on this coalescence and reports an interesting phenomenon found in our 
experimental studies for the crack induced coalescence between two neighborly 
located holes in an Aluminum-Alloy strip under cyclic tensile loadings. It is found 
that, unlike brittle materials such as PMMA, the initial fatigue crack does not 
nucleate in the center region between the two holes, where the stress 
concentration is much larger than other positions outside the center region, and 
then a crack induced coalescence between the two holes always occurs far after 
the initial fatigue crack nucleation and growth at the outside rim of holes far apart 
from the center region occur. This phenomenon could not be explained by the 
classical stress concentration theory and the fatigue crack growth theory, from 
which the initial crack nucleation is expected firstly to nucleate at the points 
where the stress concentration is maximum as researchers have seen in notched 
specimens.  
 
 

2. Experiments and observations 
 
The specimen configuration used by us is shown in Figure 1, where h=125mm, 
w=27mm, and t=3mm denote the highness, width, and thickness of the Ly12CZ 
Aluminum-Alloy strip, respectively; d=1mm, and l=0.5mm denote the diameter of 
the holes and the distance of the two neighborly holes rims. The Young’s modulus 
and the Poisson’s ratio are 49GPa and 0.33, respectively, whereas the yielding 
stress of the Aluminum Alloy is 308.6MPa. The specimen is subjected to cyclic 
tensile loading by using MTS-858 test machine (see Figure 2). The total amplitude 
of loading is 16kN corresponding to the amplitude of the cyclic tensile loading is 
197.5MPa (about 64% of the yielding stress). Thus, the stresses along the holes 
rims, especially near the points B and C (see Figure 1), will exceed the yielding 
strength of the material due to the large stress concentration induced from the two 
holes. It is expected that the initial crack nucleation would firstly occur at the 
central region between the nearby rims of the two holes, either at point B or at 
point C (see Figure 1), since the distance l=0.5mm is much smaller either than the 
half width w/2 of the strip or than the diameter of the holes. Thus, the stress 
concentration at point B or point C located in the center region between the two 
holes rims are much larger than those at points A and D outside the center region.  
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Indeed, our experiments for brittle materials such as PLMA with the same 
specimen configuration show this expected result as shown in Figure 3, where the 
initial fatigue crack does occur at point B or point C and the crack grows slowly 
and induces the coalescence between the two holes. The final failure of the PLMA 
strip is found far after the coalescence of the two holes occurs. 
However, for the Aluminum Alloy strip with two holes, experimental observations 
are quite different as shown in Figures 4(a,b,c,d), whereas the initial fatigue crack 
does not nucleate at point B or C as we expected beforehand, rather, the fatigue 
crack does firstly nucleate at point A (or D) located at the rim outside the center 
region between the two holes (see Figure 4(a)). Detailed observations reveal that 
there are at least five phases from the initial crack nucleation to the final failure of 
the strip: (i) Under several thousands cycles of the tensile loading with 1Hz, the 
initial crack firstly occurs at point A of the left hole, and then during further 
loading cycles it grows slowly to a length about half of the diameter of the holes 
or the width between the two neighborly holes rims; (ii) During further loading 
cycles it stops to grow, something like waiting for another crack nucleation occurs; 
(iii) Indeed, after subsequent loading cycles, the second fatigue crack actually 
nucleates at point B located along the left hole rim in the center region as shown 
in Figure 4(b) and then the second crack begins to grow, whereas the first crack 
still rests during the second crack grows slowly, something like waiting for the 
second crack growth reaching the point C, i.e., the coalescence between the two 
holes occurs (in other words, the coalescence is induced from the second crack 
rather than the first crack: (iv) after further several thousands cycles, the 
coalescence occurs and then the third crack at point D at the right hole rim 
nucleates and grows as shown in Figure 4(b,c); (v) Finally, both cracks: the first 
one and the third one, begin to grow during the subsequent loading cycles until 
the final failure occurs as shown in Figures 4(c,d). The phase (v) can be treated by 
using the concept of the fatigue crack propagation life, whereas as the first four 
phases occupy a great portion of the total fatigue life and cannot be neglected.   
This detailed damage evolution process due to several fatigue cracks nucleation 
and growth, to the present authors’ knowledge, is very difficult to be explained by 
the classical stress concentration theory and the fatigue crack growth theory, e.g., 
the Paris theory [15]. It is questioned as why the initial crack nucleation does not 
firstly occur at the central region, i.e., point B or point C, under the cyclic tensile 
loading? Or instead, why the holes coalescence occurs far after the initial fatigue 
crack nucleates at the outside rim, i.e., point A or D, far apart from the center 
region? It is also questioned as why the first crack rests, like waiting for other 
cracks nucleation? 
One of the possible reasons might be the surface roughness [11], i.e., 
micro-defects along the rims of the two holes as shown in Figure 4(a,b,c,d).  
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However, we did many specimens for the same experiments and did obtain the 
similar results. That is, the initial fatigue crack nucleation does always occur 
firstly at the outside rim, i.e., the point A or D, rather than the point B or C, where 
much larger stress concentration could be found. In other words, the coalescence 
induced by the crack segment BC between the two holes does not occur before the 
initial fatigue crack forms at another position, i.e., the point A or D, far apart from 
the center region. Another possible reason might be the influence of the material 
plasticity since the center region become fully plastic deformation due to the 
stress concentration under such large tensile loadings. Thus, a dislocation 
saturation zone might be formed in the center region as pointed out by Schoeler 
and Christ [13] who found in their fatigue crack study for a single-phase Ni-base 
super alloy,  a pronounced cyclic saturation state indicating a dislocation 
arrangement, which quickly establishes and does not undergo major changes 
during further cyclic loading. That is, a large amount of dislocations are saturated 
and restricted in this zone, which could not move freely under the present cyclic 
tensile loadings, whereas the plastic region near the point A (or D) is very small, 
in which dislocations could move freely without such a restriction. Detailed 
numerical simulations and discussions are absolutely needed, which are beyond 
the scope of this short note and will be given in sequel. 
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Figures Captions 
 
Figure 1. The strip configuration with two neighborly located holes. 
 
Figure 2. Experimental specimen when using MTS-858 test machine. 
 
Figure 3. Experimental observation for the PLMA strip with two holes. 
 
Figures 4(a,b,c,d). The detailed evolution process of the macro-crack nucleation 
and growth under the cyclic tensile loading. (a) The initial fatigue crack 
nucleation at the left hole rim (the first crack); (b) The first crack rests waiting for 
the second crack nucleation and growth in the center region; (c) after the 
coalescence between the two holes occurs, the third crack nucleates at the right 
hole rim; (d) Both the first and the third cracks begin to grow. 
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Figures 4(a,b,c,d). 
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