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Abstract

Detection of cracks in Al2024 T351 specimens subjected to low cycle fatigue loading by a certain non-destructive inspection
technique is demonstrated. In the experimental phase of the study, notched round specimens were fatigue loaded. The tests were
performed at different constant strain amplitudes at room temperature. For identifying the crack initiation loci, the specimens
were removed from the testing machine after a certain number of cycles and were non-destructively inspected via X-ray technique.
Pictures were taken successively while incrementally turning the sample. The re-constructed data were visualized via software
(VGStudio MAX 2.1) to obtain a 3D image of the specimen, showing all the details of its inner structure. By taking ”virtual”
slices from the data, quantification of microstructural properties was done using classical methods. This allowed verifying some
frequently mentioned statements concerning the low cycle fatigue behavior of high-strength aluminum alloys. Furthermore, new
findings related to the tri-axiality dependence on the resulting fracture process and those related to damage initiation caused by
decohesion were also discovered.
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1. Introduction

Engineering components and structures may be subjected to
cyclic loading resulting in plastic flow. Such plastic deforma-
tion and its respective accumulation with cycles is a major cause
of damage that, eventually, lead to material failure. Damage is
related to the irreversible processes at the materials microstruc-
ture. Therefore, it affects the material constitutive response
at meso/macro scale as well. From a physical point of view,
damage, defined as the appearance of new surfaces in a ma-
terial, can be decomposed into three stages: initiation, growth
and coalescence. It has been shown [1] that damage initiates
preferentially at special sites, such as heterogeneous inclusions.
Different initiation mechanisms have been observed: inclusion
rupture [2], inclusion/matrix decohesion [3] or matrix crack-
ing around the inclusions in the case of fatigue of metals. In
the low cycle fatigue (LCF) regime, accumulative microstruc-
tural changes take place in the form of persistent slip bands,
rearrangement of dislocation systems into cell structures, void
nucleation and growth at the secondary phase inclusions [4, 5].
The latter mechanism corresponds to high strain amplitudes, for
which very short lifetimes are usually expected. Regardless of
the loading conditions, the early estimation of cracks is essen-
tial for preventing failure of the considered structure.

For elucidating the aforementioned phenomena and proces-
ses, analyzing the internal structure in mechanical components
is thus of much importance. In the present paper, focus is on
lightweight and high-strength aluminum alloys. However, by
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conventional techniques, such as laboratory X-ray and ultra-
sonic imaging, the size and shape of subsurface non-metallic
inclusions and cracks defining the fatigue behavior of this al-
loy cannot be detected (the maximum resolution is typically
100 µm). Recently, micro-tomography using the synchrotron
radiation has been utilized for evaluating the physical or chemi-
cal properties of materials with extremely high sensitivity. Typ-
ical properties are the density, the underlying chemical elements,
the chemical bonding and the microstructure.

Certainly, the aforementioned material characterization is
relatively time-consuming and its efficiency can be improved
by accompanying modeling. Furthermore, modeling provides
often the only avenue for a more detailed quantitative analy-
sis. In this context, micromechanics is a powerful framework
for the investigation and prediction of materials behavior at the
meso/macroscale incorporating characteristics of the respective
microstructure. However, for using such models, the progres-
sive degradation in the material caused by damage accumula-
tion has to be known – qualitatively as well as quantitatively.
In summary, modeling without a previous material characteri-
zation is not reasonable.

Since conventional techniques cannot be used for detecting
most of the relevant micromechanical features in high-strength
aluminum alloys such as Al2024, other testing methods have
to be used. In this connection, synchrotron radiation based
micro-tomography (SRµCT) allows for artifact free investiga-
tions showing not only a high spatial resolution but also a high
density resolution in the reconstructed volume [6]. This is due
to the high intensity and the low divergence of the monochro-
matized synchrotron radiation. SRµCT has been applied to 3D
measurement and in-situ observation of fatigue crack propaga-
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tion [7]. The used beamline HARWI II operated by Helmholtz-
Zentrum Geesthacht at the storage ring DORIS III of Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany, enables
SRµCT with a high spatial resolution down to less then 1 µm
[8].

Within our investigations, focus is on monotonic loading
and low cyclic fatigue (LCF) of the aluminum alloy Al2024.
For that purpose, round notched bars with different radii taken
from 100 mm thick sheet are examined. The specimens have
been extracted from the short-transverse direction. In the present
study, the SRµCT is applied to the 3D measurement of inter-
faces and inclusions causing fatigue crack in that alloy. This
paper is divided into five sections. Initially, the choice of the
characterization method is justified and the material specifica-
tion is described. Subsequently, a microstructural characteriza-
tion is given. Finally, the experimental and tomography set-up
is briefly discussed. The paper is completed by a discussion and
a conclusion.

2. Why Synchrotron micro-tomography?

An essential aspect is the choice of the experimental meth-
ods and the hardware. Several direct and non-direct experimen-
tal methods for measuring damage accumulation have been de-
veloped (electrical resistance, acoustic emission, infrared therm-
ography, hardness measurement, destructive and non-destructive
tomography, etc.). Most of them are based on analyzing side
effects associated with damage processes. Clearly, direct mea-
surement methods show several advantages compared to their
aforementioned indirect counterparts. Thus, only direct meth-
ods are considered within this research work.

Synchrotron radiation based X-ray micro-tomography (SR-
µCT) has emerged during the last decade as a new powerful
direct technique to visualize the interior of an opaque sample
at the microscale, cf. [9, 10]. The subsequent argumentation
explains the choice of SRµCT:

• The physical phenomenon ranges between different sca-
les, e.g. microscale (particles) and nano-scale (damage).
Thus, techniques like transmission electron microscopy
(TEM) or focused ion beam (FIB) destructive tomogra-
phy are too fine and metallographic destructive methods
or even more sophisticated methods like neutron tomog-
raphy are too coarse.

• The heterogeneous microstructure and the limited num-
ber of experiments require special non-destructive tech-
niques like tomography.

• SRµCT data allow analyzing damage effects (defects, in-
terfaces such as cracks, etc.) combined with the microstruc-
tural properties (matrix and inclusions) and their interac-
tion.

• SRµCT possesses higher resolution compared to alter-
native X-Ray tomography (e.g. µ-focus tube) [11] and
high density resolution too. Furthermore, it provides the
necessary monochromatic beam intensity to apply µCT

on high absorbing samples without beam-hardening arti-
facts.

Traditional methods (optical and scanning electron micro-
scopy) have become the common tools for investigating crack
growth behavior in materials. These methods provide important
2D information about fracture processes. However, fracture in
the interior differs from that at the surface, even if the material is
homogeneous. Thus, fracture is intrinsically a 3D phenomenon.
For instance, if a crack appears stagnant on the surface, it may
have grown for a significant distance in the internal.

Although synchrotron micro-tomography shows a lot of ad-
vantages, the method is not without problems. More explic-
itly, tomographic images often contain different kinds of arti-
facts. The so-called ring artifacts are very common (formation
of concentric rings in the images around the center of rotation
of the tomographic set-up, see Figure 14). They are caused by
differences in the individual pixel response of the detector or by
impurities on the scintillator crystals. A way to reduce such ar-
tifacts is the shape and size filtering during the post-processing
of the images. In summary, most problems associated with syn-
chrotron micro-tomography can be taken into account by expe-
rienced researchers and thus, such problems are not serious.

3. Material Specification

Al2024-T351 is an aluminum alloy renowned for its good
mechanical properties, damage tolerance and resistance against
corrosion. Therefore it has been used for decades in aircraft ap-
plications, especially in fuselage skins. The material under in-
vestigation was supplied in form of a rolled sheet in a T351 tem-
per (solution heat treated, air-quenched, stress-relieved). The
chemical composition is given in the Table 1 below.

Table 1: Composition (wt. %) of Al 2024 T351 by chemical
analysis [12].

Cu Mg Mn Si Fe Cr Al
4.11 1.12 0.46 0.048 0.05 0.003 Rest

The strong anisotropy of the microstructure, caused by the
manufacturing process, influences the failure strain significantly.
Consequently, the loading direction is very important. The mi-
crostructure of Al2024 has already been studied extensively
using optical microscopy, scanning electron microscopy and
SRµCT [12, 13]. Figure 1(a) shows a reconstructed view of
the investigated volume. The particle clusters appear white,
while the surrounding matrix is gray. The particles are aligned
in a network-like structure (clusters) which separates the matrix
into domains. These domains have ”pancake” shape, with the
S-direction (thickness direction) as the shortest axis and almost
identical dimensions in L- and T-directions (longitudinal and
transversal directions respectively), see Figure 1(b). The largest
particles in the microstructure (clusters) have high copper con-
centration and have the equivalent diameter 23.5 ± 16.7 µm.
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(a) Particle clusters (white) in the
investigated material

(b) Matrix domain

Figure 1: SRµCT analysis on a 100 mm thick plate (S-
direction) of virgin Al2024, cf.[13]

(a) The RVE for Al2024 T351 (b) The specimen location

Figure 2: Microstructure of a 100 mm thick plate of Al2024 -
optical microscope

4. Experimental procedures

Round notched bar (Fig. 3) specimens having 2 and 10 mm
radius were manufactured (thickness direction) from a 100 mm
thick plate (Figure 2(b)). To avoid the influence of surface
roughness on the nucleation of cracks, the specimens have been
polished mechanically before testing. Both tests (monotonic
and cyclic) were performed displacement controlled. The test-
ing parameters for cyclic loadings remain confined to symmet-
ric loading amplitudes (asymmetry of cycle R = -1) and fre-
quency 0.01 Hz. A typical measured load-elongation graph
is given in Figure 4(a). These particular tests were stopped
with the progression of the maximum load, see Figure 4(b).
The minimal cross-section of the specimens was reduced up to
2 mm (Figure 3) for achieving better resolution. The geometry
was modified to localize damage in the middle part of the spec-
imens keeping a homogeneous stress state along the minimum
cross-section (hour-glass specimen). The variation of the stress
state (tri-axiality) has been achieved by introducing notches.

Determining the onset of damage initiation and further evo-
lution is the main purpose of this work. Specimens of both ge-
ometries have been tested till marker stages (Figure 4(b)) clas-
sified as:

A. This stage serves as a reference. It was reported in earlier

Figure 3: The specimens’ geometry
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(b) Tensile force peaks representing dif-
ferent stages of specimen examination

Figure 4: Cyclic mechanical response of small notched round
bars of Al2024 (see Figure 3)

works that rupture of the brittle particles takes already
place during this stage (Figure 5(a), cf. [14]).

B. During this stage, the specimen hardens and significant
plasticity can be observed.

C. A state of saturation is achieved, the stress remains con-
stant. This stage represents the major portion of the spec-
imen’s fatigue life. Damage on the microscale already
initiates during this stage (Figure 5(b)).

D. This point indicates the onset of the decrease in stress.
It corresponds to micro-cracks propagating into meso-
cracks. The meso-crack initiation loci are vital in lifetime
assessment.

E. Various meso-cracks merge and constitute a large fatal
propagating macro-crack.

F. Final failure.

The total fatigue lifetime of a structure can be additively de-
composed into cycles required for damage initiation (ND) and
final rupture (NR). For a sound design, ND usually takes up the
major part of the lifetime with NE representing the time required
for macro-crack evolution. At point D (Figure 4(b)) the speci-
mens degrade and soften mainly due to the formation of voids
and cracks. However, at the microscale damage initiates sig-
nificantly earlier – already in the saturation region C. Although
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that has been known for several decades, there is a lack of an
experiment proof. Thus, synchrotron micro-tomography seems
to be promising. Clearly, in-situ measurements are possible in
principle. However, overweight of the machine and vibrations
involved could possibly distort the results (discussed in conclu-
sions). For this reason, a staggered approach has been used.

(a) Rupture of brittle particles
(Stage A)

(b) Initiation of the micro-cracks
and micro-pores (Stage C)

Figure 5: Different damage stages visualized using an optical
microscope (cut lateral view)

5. Fractographic characterization

Figure 6 reveals the fractured surfaces of the round notched
bars after total failure. For evaluating the shape and profile
of the fracture surfaces, stereogram analysis were carried out
with 3D image re-construction software, Mex (AliconaTM, Inc.)
[15]. The images have been re-constructed from SEM data
(scanning electron microscope). The stereogram was obtained
by tilting ±5◦ from the top. It can be seen that the monotonic
and cyclic fracture of the specimen extracted from the thickness
direction (S) consists of sharp bright planes, characteristic of
brittle fracture, whereas the L-direction reveals a dimple struc-
ture associated with ductile deformation. The reason for such
a direction-dependent fracture mechanism is the formation of
particle clusters aligned in the rolling direction, forming inter-
nal networks separating the structure into flat disks of Al-matrix
domains surrounded by particle free bands (PFB). The interest-
ing fracture behavior in the S (thickness) direction led to a more
detailed study using SRµCT.

6. Tomography set-up

X-ray imaging was carried out at HARWI-II beamline oper-
ated by HZG at the storage ring DORIS III of DESY, the largest
synchrotron radiation facility in Germany. The schematic illus-
tration of the measurement is shown in Figure 7. The samples
were set approximately 40 m from the x-ray source. The zoom-
ing tube with the fluorescent screen and a cooled CCD camera
were employed as a detector. As discussed formerly, the thick-
ness of the specimen was adjusted according to the permeability
of the radiation [8]. The following beamline parameters were
chosen for all scans:

Table 2: Parameters of SRµCT at beamline HARWI-II.

HARWI II
Photon energy 25-30 keV

Pixelsize in projection 2.21 µm
Measured spatial resolution in projection 3.42 µm

Voxelsize in reconstruction 4.42 µm
Reconstructed volume 6.76 µm x 6.76 µm x 4.87 µm3

Table 3: Components used for SRµCT.

CCD camera Finger Lake Instruments PLO9000,
3056 x 3056 pixels, pixel size: 12 µm

16bit digitalization at 10 MHz
Optical lens Camera lens; Nikon Inc.,

35 mm focal length
Fluorescent screen CdWO4 single crystal, thickness

590 µm

Based on the penetration depth, the energy of the incident
beam was chosen to be 25 keV, and the micro-tomography im-
ages of the sample were observed. A CCD detector was lo-
cated 40 m behind the specimen. For 3D reconstruction, a set of
900 radiographs of the sample was recorded over 180 rotations,
where each rotation was 0.2. The size of the voxels in the recon-
structed images was 4.42 µm. Image slices were reconstructed
from the series of projections based on a filtered back projec-
tion algorithm [16]. For the visualization of the re-constructed
voxel data and volumetric analysis, VGStudio MAX 2.1 was
later used.

7. Results and Discussion

The reconstructed 3D rendering of the unloaded microstruc-
ture of the present material is shown in Figure 1. The network
structure with Cu particles belongs to Al-Cu eutectic phase,
while the large cell-shaped regions surrounded by the EU phase
belong to primary α phase dendrite cells.

Figure 8(b) shows a typical 2D cross-sectional image from
the re-constructed tomography data set (uniaxial tensile load-
ing). A complex crack morphology can be seen at the centre
of the image, with relatively spherical micropores (black) and
complex intermetallic particle groups (white) in the surround-
ing matrix, cf. Figure 9(b). Particles in white are heterogeneous
inclusions or precipitates of Al2Cu and Al2CuMg secondary
phases. They appear in white due to different absorption related
to copper. In Figure 8(b), the cluster network of these inclusions
is evident (white layer). During monotonic loading a decohe-
sion takes place between these particles and the matrix resulting
in void formation (several black dots appear on the gray back-
ground). The debonding is only observed at these clusters. Fig-
ure 9(a) shows a 3D re-construction of the specimen with 4 mm
scanning height. Damage is scattered all over the volume and
has the same pattern as the particle layers which indicates that
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Figure 6: Fractured surface profiles of Al2024-T351 in L- and T-direction (SEM data, visualized using 3D image re-construction
software, Mex (AliconaTM, Inc.) [15])

Figure 7: Schematic illustration of the synchrotron micro-tomography measurement system

5



(a) Test set-up for the round speci-
mens

2 mm

(b) Slice of the reconstructed
SRµCT measurements close to the
middle section of the specimen

Figure 8: Loading device and visualization of the SRµCT ex-
periments at beamline HARWI-II

4
 m

m

(a) Micropores originating from the
particle/matrix interface

phases/inclusions/
precipitates

(b) An example of a reconstructed
slice close to the middle section of
the specimen

Figure 9: Re-construction of a round bar specimen with SRµCT

decohesion has been the underlying mechanism (red spots are
voxels with a high contrast, i.e. damage). SRµCT investigations
on monotonically loaded specimens (loaded up to different lev-
els of plastic deformation close to the failure point) were a trial
attempt to judge and check the capability of the tomography
setup with respect to the resolution.

(a) as a full solid; (b) Volumetric distribu-
tion of cracks

(c) Distribution of
cracks (top view)

Figure 10: Re-constructed SRµCT data; 3D images of the
notched specimen (r=4 mm)

Earlier studies [14] on cyclically deformed notched speci-
mens (4 mm radius) of the same alloy indicated that the crack
front is neither a straight line nor does it lie in the symmetry
plane of the specimen. However, those specimens were de-
formed till the appearance of surface cracks and hence, the ex-
periments gave no information on the initiation of damage and
lacked a comparison with the uniaxial tensile loading state.

0 , 0 0 , 4 0 , 81 0 4

1 0 5

1 0 6

1 0 7

H i g h  a b s o r p t i o n
    p a r t i c l e s

L o w  a b s o r p t i o n
    A l u m i n u m

n o i s e / a i r

Pix
els
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Figure 11: Attenuation coefficient measured by using SRµCT.
From left to right, the gray values of the different structures are
displayed, i.e. noise/air, matrix material, heterogeneous inclu-
sions/particles

Table 4: Volumetric analysis of Al2024.

Specimen Voxels, ROI Total volume Volume
(average) (excl. noise) (high density objects)

2mm 4.1e8 16.6 mm3 0.1115 mm3

10mm 3.92e8 15.7 mm3 0.1563 mm3
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(a) Tomographed area (b) Only Al base mate-
rial

(c) Only high density
particles

Figure 12: Results of the SRµCT: Cyclically loaded 10 mm
notched round bar specimen

In Figure 11, the number of voxels has been plotted against
the considered attenuation coefficient for specimens failing un-
der fatigue loading. Three areas can be distinguished based
on the absorption level. Air which surrounds the specimen,
as shown by a bounding box (see Figure 12) and noise in the
system appear on the left of the histogram. Cracks, being a dis-
continuity physically belong to the same no absorption class.
Aluminum being the matrix material comes next followed by
high density heavy copper particles. The composition in terms
of voxels is given in Table 4 above. In all cases, a specific re-
gion of interest ROI (region of interest, cf. Figures 12a,b,c) is
extracted which excludes noise and other experimental toler-
ances.

The volumetric analysis shows an unusually high volume
of particles at the middle of the plate, the site which forms the
notches of the specimen. Among the particles, damage initiates
from the bigger ones located near the notch root for cyclic load-
ing and at the middle of the specimen for monotonic loading.

2 mm2 mm

2 mm

(a) Stage B

2 mm2 mm

2 mm

 2 mm

(b) Stage E

Figure 13: Results of the SRµCT for cyclic loading conditions:
Top views of the damage in 10 mm specimen at different stages

Cracks already nucleate during the hardening stage (stage
B, Figure 5). Figure 13(b) shows a small micro-crack initiat-
ing from the surface of the 10 mm notch specimen and the high
density particles distributed all over the volume. Subsequently,
during the saturation and degradation stage (stage D and E, Fig-
ure 5), multiple cracks near the surface evolve (large particles)
and merge into a major surface crack resulting eventually in the

total failure. A similar observation has been noted for 2 mm
notches. However, a single crack dominates the failure process
in this case. The vacant dark rings (Figures 13) near the edge
appear black due to the removal of the artifacts during post pro-
cessing.

 2 mm 2 mm

 2 mm  2 mm

interior cracks

2 mm

(a) Cracks originating from the
surface of the specimen and
propagation towards the center

 2 mm 2 mm

 2 mm  2 mm

interior cracks

2 mm

(b) 2D reconstruction of the
crack

Figure 14: Results of the SRµCT: Cyclically loaded round bar
specimens

Figure 15: Results of an optical microscopy study: 10 mm
notched specimen, longitudinally cut and polished afterwards

Figure 14 shows cracks in the interior of the specimen. Ac-
cordingly, their propagation is very complex and shows a wavy
path. After the tomography, some specimens have been lon-
gitudinally cut and the mid-plane has been examined using an
optical microscope, cf. Figure 15. In the particular case of the
10 mm specimen at stage E, two cracks in addition to the pri-
mary crack have formed at the surface (81 and 63 µm length,
respectively). The primary crack connects various clusters of
particles and has a length of 752 µm. The resulting fracture
surfaces of the 2 mm as well as for the 10 mm notch specimen,
now generated by the SRµCT data, are depicted in Figure 16.
Numerous subsurface cracks can be seen under the fracture sur-
face for the 10 mm notch specimen, whereas no such cracks
were detected for the 2 mm notch specimen.
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(a) 10 mm notch (b) 2mm notch

Figure 16: Results of the SRµCT: Fractured surfaces

8. Concluding remarks

In the present work, the high resolution synchrotron x-ray
micro-tomography has been demonstrated to be a promising
method for visualizing and analyzing fatigue damage in a high
strength aluminum alloy. This technique provides much more
information than traditional methods. More explicitly and in
contrast to conventional measuring techniques, the synchrotron
x-ray micro-tomography allows to analyze specimens non-des-
tructively and equally importantly, to measure the volumetric
fully 3D distribution of micro-defects. Such information is of
utmost importance for understanding the underlying physical
processes and thus, it is required for developing physically sound
constitutive models.

By using the aforementioned measuring technique, the fre-
quently postulated statement that a macroscopic crack forms
at the surface in case of fatigue, while it starts propagating
in the interior for monotonic loading could be verified for the
high-strength aluminum alloy Al2024. However and besides
this commonly accepted fact, several additional new findings
associated with low cycle fatigue could be also reported. Al-
though some of those have already been conjectured earlier
based on post-mortem analysis, cf. [14], their final correctness
could only been verified by the presented synchrotron micro-
tomography measurements.

In addition to the already conjectured statements, the re-
ported tri-axiality dependence on the failure process is com-
pletely new. More explicitly, the 2 mm and 10 mm notched
specimens have different fracture mechanisms. While the crack
originates from different particles at the notch root for lower tri-
axiality (10 mm notch), a single straight crack initiating from
the surface and eventually, resulting in fatal failure has been
observed for the 2 mm notched specimen. Equally important,
decohesion is the major source driving damage accumulation
during the first loading stages. Such insights allow developing
physically sound constitutive models.

The new SRµCT systems at the Helmholtz-Zentrum Gees-
thacht beamlines IBL and HEMS at the 3rd generation SR-
facility PETRA-III of DESY will further improve the spatial
resolution of the measuring method with the speed greatly en-
hanced due to much higher photon flux. Combining these new
facilities with an in-situ mechanical device will allow analyzing
the micro-defects in the full tension phase. By doing so, more
detailed information concerning the failure process is expected.
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