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Abstract 
Hydrogen in metals can cause a degradation of the mechanical properties with possible subsequent hydrogen 
assisted cracking (HAC). Though, the mechanism of HAC is not completely understood yet and thus suitable 
methods for in situ investigations to characterise the crack formation are needed. X-ray computed tomography 
(CT) is a well-known tool for analysing these properties. However, the effective resolution of the detector system 
limits the detection of small defects by CT. Analyser based imaging (ABI) takes advantage of x-ray refraction at 
interfaces between volumes of different density, i.e. of cracks, pores, inclusions, etc., within the sample to detect 
defects smaller than the resolution of the detector system. In this study, measurements on an aluminium alloy weld 
showed that ABI allows us to resolve the 3D structure of cracks undetected by absorption based CT. Prospective 
investigations will analyse HAC in steels. 
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1.  Introduction 
 
For more than 100 years it is known, that hydrogen in metallic materials can cause a degradation 
of the mechanical properties. This phenomenon is referred to as hydrogen embrittlement 
(HE) [1, 2]. In association with internal and external stresses hydrogen assisted cracking (HAC) 
commonly results. The hydrogen uptake of the material can occur via the welding process. 
Another way can be the diffusion from the surface into the bulk due to corrosion processes. 
Though, the mechanisms of HAC are not completely understood yet and several theories have 
been developed in the past [3]. The most accepted ones are the hydrogen-enhanced decohesion 
(HEDE) [4] and the hydrogen-enhanced localized plasticity (HELP) [5]. Numerous 
investigations have been carried out to analyse the hydrogen diffusion in different steel types 
[6-9] as well as the interaction of hydrogen with residual stresses [10]. To characterise the crack 
formation conventional fractographic methods, e. g. SEM or TEM, were used up to now [11]. 
A reason for that is the absence of suitable methods to investigate the crack formation in situ. 
In addition, it is important to analyse the 3D structure of the cracks, in particular during their 
formation. Therefore, it is necessary to be able to detect and analyse the internal crack paths 
non-destructively. 
X-ray computed tomography (CT) is an established method to image the internal structures of 
materials with high resolution. X-ray CT has already been applied to investigate hot cracks in 
aluminium [12, 13] or the fatigue crack growth in aluminium alloys [14, 15]. Furthermore x-
ray micro-tomography has been used to observe subsurface stress corrosion crack interactions 
in steel [16]. However, the 3D distribution of micro cracks induced by HAC has not been 
analysed yet for a lack of suitable methods. These cracks are very small, especially during 
formation, which makes their non-destructive detection difficult, even by CT that relies on the 
attenuation of x-rays within the material for image contrast.  
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By taking advantage of x-ray refraction effects within the sample, even smaller structures could 
be detected. The difficulty of imaging the refraction of x-rays is that this effect does not directly 
translate into image contrast. Over the past two decades, several methods have been developed 
to turn x-ray refraction into image contrast [17]. The method we employed for this study is 
called analyser based imaging (ABI). It features an analyser crystal, which filters the x-rays by 
their propagation direction after leaving the sample. Using multiple radiographs taken at 
different angular positions of the crystal, the so called rocking curve, the refraction information 
can be extracted. Diffraction enhanced imaging [18] computes images for apparent absorption 
and refraction angle from two images taken at two positions of the rocking curve. However, 
this algorithm only considers single refraction within the sample. In order to also extract 
information from multiple refraction, several alternations of the original algorithm have been 
proposed, e.g. multiple-image radiology [19] or generalized diffraction enhanced imaging [20]. 
Since CT is a powerful extension for any imaging method, the possibilities to apply CT to 
diffraction enhanced imaging have also been investigated [21]. 
For this preliminary experiments we carried out ABI radiography and computed tomography 
on an aluminium alloy weld containing cracks. Aluminium was chosen as material because of 
its relatively low attenuation compared to steel to ensure a sufficient transmission at a moderate 
x-ray energy of 25 keV. At higher energies the flux of the synchrotron radiation available at 
BAMline is significantly reduced and also the refraction angles become even smaller due to the 
energy dependency of the refractive index. The goal of these experiments was to show that this 
technique allows us to resolve the 3D structure of cracks undetected by absorption based CT. 
In further investigations HAC in steel will be analysed. 
 
2. Experimental procedure and results 
 
In the following chapter the experimental procedures of both the welding experiment and the 
imaging methods are given. Afterwards the results will be presented and discussed. 
 
2.1 Experiments 
 
2.1.1 Welding test 
For the weld test the aluminium alloy EN AW - 6060 (AlMgSi 0.5) was used. The chemical 
composition is provided in Table 1. The plates have a thickness of 6 mm. 
 
Table 1. Chemical composition in wt.-% of the test material according to DIN EN 573-3 
 

Si Fe Cu Mn Mg Cr Zn Ti Al  

0.3 - 0.6 0.1 - 0.3 0.1 0.1 0.35 - 0.6 0.05 0.15 0.1 Balance 
 
The welding experiment was performed using a 4.4 kW Nd:YAG laser with a focal distance of 
200 mm. At a welding speed of 0.5 m/min a butt joint (I seam) without filler material was 
produced. The shielding gas (industrial grade argon) was supplied to the rear side of the weld 
pool. The aim of the weld test was to generate a crack-containing weld seam. The geometry of 
the plates and the position of the weld seam can be seen in Figure 1. After welding a small 
coupon of 6 mm x 5 mm x 13 mm has been cut out of the plate for the subsequent imaging of 
the 3D structure. The position of the separation of the coupon is also marked in Figure 1. 
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Figure 1. Geometry of the plates and position of the weld seam and separation of the coupon 

 
2.1.2 ABI radiography and CT  
The sample was investigated my means of ABI radiography and ABI-CT. Both methods use an 
analyser crystal to gain additional information about the refraction properties of the sample. 
The experiments were conducted at the beamline BAMline [22] of the Berlin Electron Storage 
Ring for Synchrotron Radiation (BESSY II), which is part of the Helmholtz-Zentrum Berlin for 
Materials and Energy. The x-ray beam is monochromatised by a double crystal monochromator 
(DCM) to an energy of 25 keV and detected by a camera system consisting of a CdWO4 
scintillator screen, a macroscope and a 2048 x 2048 pixel CCD camera. The nominal pixel size 
of this detector unit was 3.5 µm. 
 

 
 

Figure 2 Schematic illustration of analyser based imaging set up 

 
The crucial part of the experimental set up is the Si(111) single crystal analyser, which is placed 
between sample and detector unit (Figure 2). The analyser acts as an angular filter for the 
incident x-rays. Analyser and detector are positioned in accordance to Bragg’s law of diffraction 
for the parallel incident beam from the DCM. Therefore, all x-rays propagating parallel to the 
optical axis are diffracted into the detector. Introducing a sample into the beam path causes 
refraction of x-rays at interfaces, where the density of the material changes. Since the refracted 
x-rays are no longer propagating parallel to the optical axis they are rejected by the analyser, 
leading to refraction contrast. It is important to note, that the analyser is only sensitive to 
refraction in the scattering plane of the crystal. This scattering plane is generated by the normal 
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vector of the crystal surface and the optical axis, i.e. the paper plane of Figure 2. Therefore, this 
method is sensitive to the orientation of defects in a way that only cracks with orientation 
perpendicular to the scattering plane can be detected. For ABI radiography the angular position 
of the analyser is scanned across a narrow range around the proper Bragg angle θB and the so 
called rocking curve is recorded. We apply a peak fitting approach to extract the relevant 
information from the rocking curve. Using an algorithm based on x-ray refraction topography 
[23] we compute the ‘refraction value’ image from the peak height and peak integral images. 
This ‘refraction value’ is directly proportional to the inner surface density of the sample. For 
comparison a conventional radiograph is taken as well and the linear attenuation coefficient 
computed according to Lambert-Beer’s law. 
For the ABI-CT measurements we use a simplified approach, since recording a full rocking 
curve for each projection angle is impractical. The analyser is positioned at the proper Bragg 
angle and a complete CT scan is performed without changing the analyser position. After the 
scan is finished the analyser is moved out of the beam path and the detector is positioned in the 
direct beam. Then a second CT scan is performed with the same parameters, so that the ABI-
CT measurement can be compared to a regular absorption based CT scan under the same 
conditions. The scan parameters for ABI radiography and CT measurements are summarized 
in Table 2. Both ABI and absorption based CT measurements are reconstructed using the same 
BAM-version of the filtered back projection algorithm [24] and analysed using VG Studio Max 
(Volume Graphics GmbH). 
 

Table 2. Scan parameters for ABI radiography and CT measurements 
 

ABI radiography ABI-CT 

No. of 
exposures 

Scan range 
(rel. to θB) 

Interval No. of 
exposures 

Scan range Interval 

41 -0.002° to 
0.002° 

0.0001° 1800 0° to 360° 0.2° 

 
 
2.2 Results and discussion 
 
2.2.1 ABI radiography 
The results of the ABI radiography measurement and conventional radiography are shown in 
Figure 3. The left hand side image shows the 2D distribution of the ‘refraction value’ computed 
from the rocking curve and the right hand side image the 2D distribution of the linear 
attenuation coefficient computed from a conventional radiograph.  
Since the ‘refraction value’ is directly proportional to the inner surface density high grey values 
indicate a high amount of refracting interfaces across the thickness of the sample. However, 
only interfaces that cause significant refraction in the scattering plane of the analyser crystal 
are visible. Interfaces that cause refraction mostly perpendicular to this plane remain invisible. 
This effect can be observed very well at the large pore on the left side of the sample: the top 
and bottom edges are easy to identify, whereas the left and right edges are not. 
The comparison to the image of the linear attenuation coefficient il lustrates the advantage of 
ABI for the detection of very small cracks. The rather large cracks are easily to identify in both 
images. However, from the ‘refraction value’ image it can be observed that there are smaller 
cracks present, predominantly in the vicinity of the larger cracks. These cracks are not observed 
in the image of the linear attenuation coefficient. The areas of high ‘refraction value’ can be 
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rather large, up to 1mm. However, those areas do not necessarily represent a single crack, since 
a single surface would not generate such a high refraction signal, unless it is well oriented with 
respect to the scattering plane. It is more likely that the high ‘refraction value’ is due to a 
localised high density of micro cracks. Although these micro cracks and their location can be 
detected by means of analyser based imaging the actual size of the micro cracks themselves 
cannot be determined, because the possibility to measure precise length is still determined by 
the effective resolution of the camera system. 
 

 
 
Figure 3. left: image of refraction value computed from rocking curve, high grey values indicate a high amount of refracting 
interfaces across the thickness of the sample; right: image of linear attenuation coefficient computed from conventional 
radiograph, low grey values indicate a low linear attenuation coefficient value; welding direction is pointing upwards 

 
2.2.2 ABI-CT measurement 
Figure 4 shows a tomogram of the reconstructed volume of the ABI-CT measurement. The top 
left, top right and bottom left images are tomographs though the volume along the x-y-, y-z- 
and x-z-plane, respectively. The bottom right image shows the 3D rendering of the volume. The 
high grey values are due to refraction effects and indicate interfaces. Because the analyser 
remains at the proper Bragg angle for the incident, non-refracted beam, x-rays refracted at 
interfaces are rejected and lead to a reduced intensity. This reduced intensity is interpreted as 
high attenuation by the reconstruction software.  
The comparison to the reconstructed volume of the absorption based CT measurement (Figure 
5) shows similar results as the ABI radiography measurement. Figure 4 and Figure 5 both show 
exactly the same part of the sample, however, in the ABI-CT volume significantly more cracks 
can be observed. In analogy to the ABI radiography measurement the bright areas are not 
necessarily originating from a single crack but rather indicate areas of high micro crack density. 
Again the actual size of these micro cracks cannot be determined, however, the dimensions of 
the entire area can be measured. As an example one of these areas has been segmented by 
applying a local grey value threshold (indicated in red). The length and width of this area has 
been measured to be ~1 mm and ~ 0.5 mm, respectively. 
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Figure 4. Reconstructed volume of synchrotron refraction CT measurement; top left, top right and bottom left: selected 
tomographs through the reconstructed volume; bottom right: 3D rendering of volume; Red: Exemplarily segmented area of 
high micro crack density 

 

 
 
Figure 5. Reconstructed volume of absorption based CT measurement; top left, top right and bottom left: selected tomographs 
through the reconstructed volume; bottom right: 3D rendering of volume 

 
 
3. Conclusion 
 
We have investigated the capability of ABI radiography and ABI-CT measurements for 
detecting cracks smaller than the effective resolution of the imaging system. For that purpose 
an aluminium weld containing cracks was measured with both techniques as well as with 
absorption based synchrotron CT and conventional radiography for reference using the same 
detector unit. It was shown, that the weld contained areas of high micro crack density, which 
could not be detected by absorption based methods. Using ABI radiography and ABI-CT 
measurements we were able to detect these cracks and resolve their 3D structure and dimensions 
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of the areas where these cracks are accumulated. Therefore, these refraction based techniques 
are promising tools for investigating the 3D structure of crack networks in welds caused by 
HAC.  
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