
Microstructure characterization of high-strength Al-alloys by high 

resolution X-ray computed tomography   

 
Johann KASTNER 

1
, Bernhard HARRER

2
, Guillermo REQUENA

3 

 
1 University of Applied Sciences Upper Austria, Stelzhammerstraße 23, 4600 Wels, Austria, +43 7242 

44808 40, johann.kastner@fh-ooe.at 
2Voestalpine Stahl, voestalpine-Straße 1, 4020 Linz, Austria 

3Vienna University of Technology, Inst. of Materials Science & Technology, Karlsplatz 13/308, 1040 

Vienna, Austria 
 

 
Abstract 

High strength aluminium alloys are widely used in the aerospace and automotive industries because of their high 

specific strength, high specific stiffness, resistance to corrosion, toughness and fatigue durability. Usually, the 

as-cast microstructure consists basically of α-Al dendrites and intermetallic phases segregated in the 

interdendritic regions during the last part of the solidification. On the basis of selected examples of AlCuMg 

(AlCu4Mg1) and AlZnMgCu (AlZn7.7Mg2.3Cu1.5 + Sc, Zr) alloys, the possibilities and limits of high 

resolution cone beam X - ray computed tomography (XCT) with a transmission target yielding a minimum voxel 

size of (0.5 µm)3 are presented. The 3D arrangement and morphology of the dendritic structure is analyzed 

within this contribution. Phase identification is performed by metallography and energy dispersive X-ray 

analysis. The evolution of the volume fraction of the different phases (eutectic phase and pores) during heat 

treatment is determined from XCT-measurements as a function of temperature and time for the AlCu4Mg1-

alloy. Results for two different heat treatment temperatures are presented. For the AlZnMgCu alloys we show a 

method for the discrimination of two different types of segregations, which appear in the XCT-data as higher-

absorbing features in comparison to the Al–matrix. We demonstrate that Al3(Sc,Zr) particles >5 µm can be 

distinguished from interdendritic segregations by their sphericity. Furthermore, we present the possibilities to 

detect primary Si-particles within an Al-matrix in the cast alloys AlSi18 and AlSi17Cu4 by X-ray phase contrast 

tomography. 
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1. Introduction 
 

Micro structural analysis of materials is usually carried out by preparing cuts through the 

sample and subsequent analysis by light-optical-microscopy or scanning electron microscopy. 

This has the disadvantages of being destructive and sectioning series for 3D-presentation is 

rather time consuming, since a high number of slices are needed. X -ray computed 

tomography (XCT) with cone beam geometry fulfils the needs of materials science to a great 

extent. XCT systems with nano-focus X-ray tubes in combination with flat panel matrix 

detectors can achieve voxel sizes down to (0.3 µm)
3
 [1,2]. The measurement principle of XCT 

with cone beam emitted from an X-ray tube is as follows: A specimen is placed on a rotary 

stage between the matrix detector and the X-ray tube producing a polychromatic cone beam. 

The specimen is rotated step by step, taking a radiograph based on X-ray absorption at each 

angular position. A 3D-image can be reconstructed from these several hundred of projections. 

Recently, phase contrast laboratory X-ray computed tomography was utilized for materials 

science [3]. Since not only the amplitude but also the phase of an X-ray beam is altered while 

passing through an object, phase contrast effects can occur even for polychromatic sources 

when the spatial coherence due to a small focal spot size and a big distance between the 

source and the detector is high enough. Phase contrast imaging can lead to significant 
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detectability improvements over conventional attenuation-based X-ray computed tomography 

for 3D-characterization of materials. 

Within this publication we present the possibilities of high resolution X-ray computed 

tomography for the 3D-characterisation of Al-alloys. Various Al-alloys are investigated and 

characterized by absorption and phase contrast XCT. 

 

 

2. Experimental  
 

2.1 Samples 

Aluminium alloys are widely used in the aerospace and automotive industries because of their 

outstanding properties [4,5]. A broad variety of different Al-alloys were investigated within 

this publication. Table 1 shows a summary of the investigated samples together with the most 

important material and XCT-measurement parameters. 

 
Table 1. Investigated Al-samples together with the most important XCT-measurement 

parameters. 

Al-Alloy Concentrations of main 

elements (weight %) 
Acceleration 

voltage (kV) 
Beam current 

(µA) 
Voxel size 

(µm)
3 

AlMg5Si7 5% Mg, 7% Si, 0.6% Fe 50 400 (0.5)3 

AlCu4Mg1 4 % Cu, 1% Mg, 0.6% Mn, 

0.2% Fe 
100 and 70  135 (1.1)3 and 

(0.75)3 

AlZn8Mg2Cu2  7.7% Zn, 2.3% Mg, 1.5% 

Cu, 0.11% Zr, 0.25% Sc 
80 100 (1.5)3 

AlSi18 18 % Si 50 450 (1.2)3 

AlSi17Cu4 17 % Si, 4 % Cu 50 450 (1.2)3 

 

2.2 High resolution cone beam XCT-device 

The XCT measurements were performed by using a “nanotom 180NF” XCT desktop device 

developed and manufactured by GE Sensing & Inspection Technologies phoenix|x-ray with a 

180 keV high power nano-focus tube with transmitting target and a 2300 x 2300 pixel 

Hamamatsu detector. Voltages between 50 and 100 kV were used. The voxel size used was 

between (0.5 µm)
3
 and (1.5 µm)

3
. These parameters required measurement periods between 

60 and 600 min. The X-ray tube of the “nanotom” is equipped with an external liquid cooling 

system to ensure stable measurement conditions and to minimize thermal influences. The 

cone-beam XCT data were reconstructed by a filtered back projection Feldkamp-algorithm 

[3]. The reconstructed data were processed and visualised with the program VGStudio MAX 

2.1. Further details can be found in [3] and [6]. 

 

3. Results and Discussion 
 

3.1 XCT results of AlMg5Si7, AlCu4Mg1 and AlZn8Mg2Cu2  

Figure 1 shows a cross-sectional XCT-picture of gravity cast AlMg5Si7. Four individual 

phases can be discriminated: highly absorbing features (bright) bigger than 5 µm in thickness 

are AlFeSi-aluminides and the features absorbing less than the Al-matrix (dark) can be 

identified as shrinkage pores and coral-like Mg2Si-phases [6]. The right picture of figure 1 

shows a 3D-visualization of a selected volume of AlMg5Si7. Mg2Si-particles are segmented 

and colored in light green and the red regions are segmented AlFeSi-phases. 



  
Figure 1. XCT cross-sectional picture and 3D-visualization of a selected volume of AlMg5Si7. Voxel 

size was (0.5 μm)3. Adapted from [6]. 

 

The left picture of figure 2 shows a cross-sectional XCT-picture of AlCu4Mg1. A cell-like 

structure with lower absorbing areas and higher absorbing cell walls can be seen. The higher-

absorbing cell walls are interdendritic segregations (detectable phases = Al2Cu, AlxCuyMgz, 

Fe–Mn- and Fe–Mn–Cu-aluminides) which appear brighter than the Al-dendrites forming the 

cells [5,6]. In addition, some micro-pores with diameters between 4 and 13 μm can be found 

within the interdendritic segregations. The structure of the complementary α-Al dendrites in 

the left figure 2 represents the secondary dendrite arms with a diameter of 50–100 μm. 

 

 

Figure 2. XCT-tomograms of AlCu4Mg1 (left picture) measured with 100 kV and a voxel size of (1.1 

µm)3 and of  AlZn7.7Mg2.3Cu1.5 + Sc, Zr (right picture) measured with 80 kV and (1.5 µm)3. 

 

The right picture of figure 2 shows a cross-sectional XCT-picture of AlZn7.7Mg2.3Cu1.5 + 

Sc, Zr. A cell-like structure is visible with brighter cell walls containing dark irregularly 

shaped shrinkage pores. The interdendritic segregations contain the heavier elements Zn, Cu 

and Mn forming a cell structure. The dendrite arms have diameters in the range of 40–50 μm 

and the interdendritic cell-walls are around 5 μm thick. In addition, low absorbing 

interdendritic heterogeneities with an irregular shape are visible and can be identified as 



pores. Highly absorbing globular shaped heterogeneities and agglomerates can be also 

recognized. These heterogeneities are mostly located in the centre of cell-shaped structures. 

Typical diameters of such particles are in the range of 5–40 μm. The phases can be identified 

as Al3(Sc,Zr)-particles mainly located in the centre of the α-Al dendrites. Both the 

interdendritic Cu- and Zn-rich regions and the Al3 (Sc,Zr)-particles have similar X-ray 

absorption coefficients and thus similar grey values. Therefore, it is not possible to 

differentiate between these two phases by grey value discrimination. Since the Al3(Sc,Zr)-

particles exhibit more or less equi-axed shapes, it is feasible to separate them from the 

irregular interdendritic regions by means of a shape factor F [5,6], defined as: 
 

           (1)  
 

This is shown in figure 3 for a selected volume of 0.27 x 0.29 x 0.12 µm³, where the segmented 

interdendritic Cu- and Zn-rich regions are visualized in orange and the Al3(Sc,Zr)-particles 

are presented in red and marked with Z. Here F<0.4 was chosen for the interdendritic regions 

and F>0.4 was chosen for the particles. 
 

 

Figure 3. Typical arrangements of α-Al dendrites (white), interdendritic eutectic regions (orange) and 

Al3(Sc,Zr)–particles (Z) in a volume of 0.27 x 0.29 x 0.12 mm3. 

 

3.2 XCT results of heat treated AlCu4Mg1  

Figure 4 shows cross-sectional XCT-pictures of as cast AlCu4Mg1, after solution treatment at 

500°C for 1 hour + quenching and after solution treatment at 500°C for 6 hours + quenching. 

The pictures show that parts of the interdendritic segregation dissolve due to Cu diffusing into 

the -dendrites. Therefore, the volume fraction of the higher absorbing Cu-rich segregation 

decreases. Additionally, formation of pores in place of former eutectic regions can be 

recognized and existing pores grow. Therefore, porosity volume fraction increases. This 

behavior is demonstrated in more detail in figure 5. Here XCT-tomograms of selected regions 

of as cast and heat treated (500°C for 6 hours + quenched) AlCu4Mg1 are presented. The 

formation of new pores in place of eutectic regions is shown in the picture at the top. The 

growth of existing pores is shown in the central picture. Selective dissolution of the eutectic is 

shown in the picture at the bottom of figure 5. This increase in volume fraction of porosity 

may be because the solution treatment was carried out very closely to the equilibrium eutectic 

temperature of the alloy (approx. 505°C). This may have partially melted the interdendritc 

segregated Cu-rich phases resulting in the formation of new shrinkage porosity during 

cooling. 



 
 

Figure 4. XCT-tomograms of heat treated AlCu4Mg1 (as cast, after solution treatment at 500°C for 1 

hour + quenching, after solution treatment at 500°C for 6 hours + quenching) measured with 70 kV 

and (0.75 µm)3. 

 

 
 

 
 

 

Figure 5. XCT-tomograms of selected regions of as cast (left pictures) and heat treated (500°C for 6 

hours + quenched, right pictures) AlCu4Mg1 measured with 70 kV and (0.75 µm)3. 



 

The XCT-data can be quantitatively evaluated and the content of the different phases can be 

extracted. The increase of the porosity of AlCu4Mg1 measured by XCT versus solution 

treatment time for two different heat treatment temperatures (500°C and 535°C) is shown in 

figure 6. The decrease of the relative content of interdendritic segregation of AlCu4Mg1 

measured by XCT versus solution treatment time for two different heat treatment 

temperatures is shown in figure 7: 500°C, very close to the equilibrium eutectic temperature 

[4], and 535°C, in semi solid state. 

 

Figure 6. Porosity of AlCu4Mg1 measured by XCT versus heat treatment time for two different heat 

treatment temperatures: 500°C, very close to the equilibrium eutectic temperature, and 535°C, in semi-

solid state. The lines are guides for the eye. 

 

Figure 7. Relative content of interdendritic segregation of AlCu4Mg1 measured by XCT versus heat 

treatment time for two heat treatment temperatures: 500°C, very close to the equilibrium eutectic 

temperature, and 535°C, in semi-solid state. The lines are guides for the eye. 



 

3.3 X-ray phase contrast tomography of AlSi18 and AlSi17Cu4 

For high resolutions and for large distances between the object and the detector – resulting in 

high spatial coherence - both phase and absorption contrasts are recognizable. The phase 

contrast increases with increasing distance between the object and the detector, with 

decreasing tube voltage and with decreasing focal spot size. The phase contrast is highest for 

low density materials like polymers, but under special conditions even for Al-alloys phase 

contrast effects appear [3]. In the following section XCT-results with phase contrast effects 

are presented. In Fig. 8 cross-sectional XCT tomograms of AlSi18 (left picture) and 

AlSi17Cu4 (right picture) measured with maximum object-detector distance of 500 mm and 

minimum X-ray focal spot size (und thus maximum phase contrast) are presented. The Cu-

phases in the AlSi17Cu4 have a very bright grey value and thus are clearly visible. Since Al 

and Si have a very similar X-ray attenuation coefficient, there is no strong contrast between 

the Al-matrix and the Si-particles present in both samples. However, due to phase contrast 

effects primary Si particles of ~50–100 μm size are slightly visible [3]. The primary Si 

particles are marked in both pictures of figure 8. These results demonstrate that phase contrast 

effects lead to an improvement of detectability of phases with a similar attenuation 

coefficient. 

 

  

Figure 8. Cross-sectional XCT picture of AlSi18 with an object-detector distance of 500 mm and a 

voxel size (1 μm)3 (left picture) and cross-sectional CT picture of AlSi17Cu4 measured with an object-

detector distance of 500 mm and voxel size of (1.2 μm)3. The circle in the left picture and the square in 

the right one indicate primary Si particles revealed by phase contrast. 

 

4. Conclusions 
 

We have presented high resolution XCT-results measured with cone beam desktop devices of 

Al-alloys measured with voxel sizes down to (0.5 µm)
3
. The results of these investigations 

can be summarized in the following way: 

 AlMg5Si7 contains high absorbing platelet-like AlFeSi-aluminides >5 μm in 

thickness. Lower grey values than from the Al-matrix are identified as pores and coral 

like Mg2Siparticles,  

 AlCu4Mg1 contains high-absorbing interdendritic structures of Al-Al2Cu-eutectic 

together with Fe- and Mn-rich aluminides. These phases form a cellular structure with 



4-10 µm thick porous cell walls separating the dendrite arms. Some shrinkage pores 

>5 µm can be identified by high resolution XCT within the interdendritic regions. 

 The AlZn7.7Mg2.3Cu1.5 + Sc, Zr alloy exhibits a dendritic structure separated by 

agglomerations of eutectic phases (Cu- and Zn-rich regions) forming a 3D cellular 

structure. The morphology and distribution of the interdendritic eutectic replicates the 

dendritic solidification structure, where the orientation and width of the individual 

dendrite arms can be measured. Conclusions on the rate and direction of the 

solidification process can be drawn from the results at different positions in the slab. 

Al3(Sc,Zr) particles >5 µm can be distinguished from interdendritic segregations by 

the sphericity and are found within dendrites. 

 The evolution of the different phases in AlCu4Mg1during heat treatments close to the 

equilibrium eutectic temperature and in semi solid state can be characterized and 

quantified by high resolution XCT. The volume fraction of interdendritc phases 

decreases during heat treatment homogenizing the microstructure, while existing pores 

become bigger, . Furthermore, new shrinkage pores form during cooling in places of 

former eutectic regions. 

 Primary and eutectic Si cannot be detected by attenuation-based X-ray computed 

tomography due to the small difference in X-ray attenuation between the Si and the 

Al-matrix in AlSi18 and AlSi17Cu4. However, phase contrast effects lead to a 

significant detectability and the large primary Si particles become clearly visible in the 

tomograms.  
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