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Abstract 
 

Coarse spherical zirconia particles were incorporated into an age-hardenable 2124 aluminium 
alloy by powder metallurgy methods in order to obtain a model material for the study of inclusion 
fracture by both means of acoustic emission and X-ray tomography. Tensile samples were 
strained in situ at the European Synchrotron Radiation Facility in Grenoble (ID19 beam line) 
while the Mistras device of EPA was used to monitor and localise the AE bursts. X-ray 
tomography enabled to discriminate between metal, zirconia and voids and therefore characterize 
damage at a voxel scale of 2.83 µm3, providing a very accurate description of particle cracking. 
Experimentally, damage occurred by multiple fracture of the coarse particules, with high-energy 
AE events for the first fracture (largest released elastic energy) and softer further events that 
could be discriminated by classifiers (k-means method). 

A good match between the location of fractured particles and the AE events was evidenced. 
Furthermore, the release of elastic energy was computed by finite element calculations and found 
to be fairly proportional to the AE burst energy. We wish that these experimental results will 
contribute to the acoustic modelling of the recording chain. 
 
Introduction 

 

MATEIS is a materials science laboratory with various fields of expertise, including 
developments of three-dimensional characterization of materials by X-ray tomography [1-2] and 
monitoring and understanding of damage mechanisms in different classes of materials by acoustic 
emission [3-5]. A first attempt to combine both techniques proved powerful on polymeric foams 
[6]. As a matter of fact, X-ray tomography provides scarce but accurate information about the 
damage mechanisms inside a small volume of material, whereas AE provides plenty of bursts 
arising from damage sources inside a larger volume of material, leaving questions about the 
nature of the sources. It was therefore decided to make a compromise : combine both techniques 
on a model metallic material that would provide both powerful AE bursts and excellent X-ray 
absorption contrast around the inclusions whose damage would generate the bursts. 

The model material consists in an age-hardenable 2124 aluminium alloy containing 4 vol % 
spherical zirconia particles. The large difference in mean atomic number between the aluminium 
matrix and the particles ensures a strong attenuation contrast between the voids (black : almost no 
attenuation), the aluminium matrix (grey) and the zirconia particles (white : strong attenuation). 
While maintaining the volume fraction of 4 % constant, two types of particles were used: regular 
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ranging between 45 and 67 µm) and coarse (equivalent diameter ranging between 125 and 
250 µm). The material was elaborated by powder metallurgy and hot extruded (at 450°C with a 
16:1 extrusion ratio) in order to disseminate the particles in the material while not damaging them 
and also in order to ductilize the matrix). The material was then heat treated to the T4 temper and 
machined into tensile samples. In that condition, a previous study [3] evidenced that damage took 
place by fracture of the particles. 
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The samples were strained in situ at room temperature under the X-ray beam of ID19 line at 
the European Synchrotron Radiation Facility in Grenoble, while the Mistras device of EPA was 
used to monitor and localise the AE bursts. At small strain rate, the operations can take place 
simultaneously since fast scans keep an excellent contrast when compared with detailed scans 
[7].  

The reconstructed 3D absorption map provided by X-ray tomography was treated with the 
ImageJ software so as to separate void / matrix / inclusions by grey levels, identify and monitor 
individual particles at different strains, calculate statistics about particle or void size, number of 
cracks… The results were normalized by the investigated volume, just like the AE counts were 
normalized by the gauge volume of the sample, so as to try and draw quantitative comparisons 
from differents investigated volumes. 
 
AE monitoring 
 

The tensile behaviour of the materials at room temperature is classical : the yield stress is close 
to 350 MPa and the material then exhibits plastic hardening up to 0.1 fracture strain and 450 MPa 
fracture stress. AE bursts increase with plastic strain, with some variation of activity from one 
sample to another (Fig.1). 

 

 
Fig.1. Number of AE events normalized by the volume of the sample, for three different 

samples difference between red and blue = size 
 

 
Fig.2. Statistical distribution of the logarithm of the AE burst energies for a sample with 

coarse particles, revealing at least two damage mechanisms. 
 



Bursts are quite energetic, all the more as the particles are coarse. Burst energy has a clear 
bimodal distribution in the case of the coarse particles (Fig.2), denoting that two mechanisms are 
active. 

Based on this observation, a classification was tried by the k-means method. The silhouette 
index was computed in order to sort the best classification. It ranged between 0.66 and 0.81 for 
the 9 analysed samples and always brought two classes with the following characteristics: 
- one class with high energy, long burst duration 
- one class with low energy and short burst duration. 
The classes exist in both materials with regular-size and coarse-size particles. After this 
classification, two log-normal distributions of energy appear (Fig.3). 
 

 
Fig.3. Statistical distribution of logarithm of AE burst energies for a sample with regular 

particles (left) and for the sample with coarse particles shown on Fig.2 (right). 
 
Further insight from tomography 
 

As expected from previous studies, damage occurs by breakage of the particles ; the 
tomographic sequence of Fig.4 monitors the same bulk regular-size particles at increasing strain. 
At first individual particles break, and the generated void volume grows in the vertical tensile 
direction. Then cracks link the voids and some multiple fracture can take place. The same 
sequence is observed in the material with coarse-size particles yet with enhanced multiple 
fracture. 

 

 
Fig.4. Tomographic scans of the same regular-size particles at increasing strain. Particle fractures 
are local damage events that create voids. Then the voids grow and tend to coalesce into a crack. 

Multiple fracture of a single inclusion is observed at the end of the test. 
 

Particle fracture takes place in a wide strain range, as evicenced by Fig. 5 that shows the 
number of cracks normalized by the scanned volume vs. macroscopic plastic strain. The curve is 
not linear, even though the cracks present in the unstrained material are excluded. An 
interpretation comes from particles at the specimen surfaces. They are frequently damaged by 



machining, but the resulting crack is narrow and can remain undetected during the initial scan. 
Under a small elastic load, the cracks then open. A manual estimation of the proportion of 
undetected damaged particles amounts to 33 per mm3. 

 

 
Fig.5. Number of cracks per mm3 in a strained sample evidenced by tomography. 

 
Tomography helps propose the following scenario for AE bursts and classification: 
- bursts always correspond to particle fracture 
- high energy bursts are associated with initial fractures, whereas low energy bursts arise from 

a subsequent multiple fracture of already broken particles. 
Indeed, when the number of high energy bursts is plotted vs. the number of single cracks (in 

both cases per mm3), a good accordance is found between the two curves: Fig.6. They do not 
superimpose due to the already mentioned undetected damaged particles (33 per mm3), that do 
not induce any burst when reloaded and thus provoke a shift of the curve to the right. 

 

 
Fig.6. Comparison between the numbers of AE events of the high-energy class and the number 

of single cracks in a sample with regular-size particles. An excellent match is found, providing 
the already-damaged particles (about 33 per mm3) are discarded. 

 
Furthermore, the number of multiple cracks also correlates well with the number of low-

energy bursts, at least in the first stages of multiple cracking as as can be seen on Fig. 7. In the 
end submillimetric cracks tend to coalesce and induce severe cracks with multiple branches, 
making the count more difficult. This leads to the conclusion that the attribution of each class to 
one specific mechanism was a good guess.  
 



 
Fig.7. Comparison between the numbers of AE events of the low-energy class and the number of 

multiple cracks in a sample with regular-size particles. An excellent match is found until the 
coalescence of the cracks shortly before sample fracture. 

 
Finally it is of interest to compute the elastic energy stored around an inclusion before and 

after fracture. Former FEM computations [7] had provided the order of magnitude of 2.5 µJ 
inside a coarse inclusion. Further computations [8] bring the following results. If the inclusion is 
cut in two symmetric parts by a crack, about half of the energy is released (partly transformed 
into the ultrasonic wave, a further part of which is detected by the AE sensor). There remains a 
driving force for further energy releases. For instance, if one half inclusion is again cut into two 
parts by a crack, 5.5 % of the initial elastic energy is released again. This is a rough estimate 
since the result depends on the position and geometry of the crack, but second-crack events set 
roughly one decade lower in energy than the initial events are compatible with the energy 
distribution of Fig.3, providing some proportionality exists between source energy and collected 
AE energy. This is beyond the scope of the present research, but the dynamic simulation of the 
ultrasonic wave combined with an experimental analysis of the transfer function will certainly 
help calibrate and quantify source events in the near future. 
 
Conclusion 
 

Tensile damage of model particle-reinforced aluminium alloy was observed to occur by 
fracture of the inclusions. Two classes of AE bursts were consistently separated, the main 
markers being energy and burst duration. Tomography enabled to justify the attribution of the 
two classes of AE events to single fracture and multiple fracture of the inclusions. 
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