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Abstract 

 
X-ray computed tomography (CT) provides a volumetric map of a specimen in three dimensions, generated from 
a set of radiographs. Due to measurement speed and quality, CT systems with cone beam geometry and matrix 
detectors have gained general acceptance. Continuous improvements in the quality and performance of X-ray 
tubes and devices have led to cone beam CT systems that can now achieve spatial resolutions down to (0.4 µm)3. 
Mg-alloys are widely used as structural materials in transport and mobility area due to their low density (~ 2/3 
of that of aluminium), good machinability, high specific mechanical resistance if compared to other metallic 
materials, and high potential for recycling. We report on the detectability of different phases in various Mg-
alloys characterized and quantified by high resolution XCT. Phase identification is performed by metallography 
and energy dispersive X-ray analysis. The investigations are focused on the following alloys: 
1.) As-cast and extruded MgY7Zn2.5 alloy. The evolution of damage under tensile deformation was also 

studied for the extruded alloy. 
The morphology of Long-Period Stacking Ordered (LPSO) phases in a Mg7Y2.5Zn alloy is evaluated by 
CT in different processing conditions. The fracture of coarse LPSO-phase particles and their subsequent 
redistribution in the magnesium matrix takes place during the course of tensile deformation at 350°C.  

2.) As-cast and compressed ZK60 (MgZn6Zr1) alloy modified with 2.5 wt% of rare earth (RE) elements. 
The temperature during compression was 250–350° C. The CT-results show a complex 3D-structure with an c-Mg matrix with globular grains surrounded by a network of distinct intermetallics of Mg-Zn, Mg-Zn-RE 
and Mg-RE type. This 3D-structure of intermetallic phases is very similar in all conditions. However, severe 
damage is found in the form of cracks in the intermetallic phases after deformation at 350°C. 

 
 
Keywords: X-ray computed tomography, Mg-alloys.  
 
1.  Introduction and Motivation 
 
The biggest advantages of Mg-alloys are their light weight and ease of recycling [1]. For their 
wider acceptance as structural materials the improvement of their strength, thermal stability, 
and corrosion resistance are highly desirable. Several approaches are usually applied to 
increase the strength of Mg alloys, e.g. grain refinement, control of texture, precipitation 
hardening, etc. [1]. For reaching optimum material properties an accurate 3D-characterization 
of the phases is a precondition. 3D microstructural analysis of materials can be carried out by 
serial sectioning 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 large number of slices are needed. X-ray 
computed tomography (CT) with cone beam geometry fulfils the needs of materials science to 
a great extent [2,3]. CT systems with nano-focus X-ray tubes in combination with flat panel 
matrix detectors can achieve voxel sizes down to (0.4 µm)3. CT is suitable for the 
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characterization of Mg-alloys and especially for non-destructive testing and metrology of Mg-
components since the X-ray attenuation coefficient of Mg is rather low, which leads to high 
quality CT-images even for rather large Mg-components [2, 3, 4]. For standard Mg-alloys like 
MgAl9 and Mg-Al-Zn alloys (e.g. AZ91) the detection of pores, inclusions and g-Mg 
dendrites extending in the direction of solidification has been reported with a reasonable X-
ray contrast [4]. 
Within this paper we investigate MgYZn- and MgZnZr-alloys modified with rare earth (RE) 
elements by high resolution X-ray computed tomography. The microstructure of MgYZn-
alloys modified with 0.5 wt% of RE is characterized by magnesium dendrites and a Long 
Period Stacking Ordered structure (LPSO) phase distributed in the interdendritic regions [5]. 
The so-called LPSO phases have been the focus of much attention, since they are an efficient 
way to strengthen Mg. Outstanding high strength values above 600 MPa for Mg-alloys with 
this LPSO-phase were reported (e.g. [6]). ZK-type (Mg-Zn-Zr) alloys exhibit the highest 
mechanical resistance among all Mg alloys [7]. In addition it has been shown in several 
studies that the addition of rare earths improves corrosion and oxidation resistance as well as 
the yield strength at room temperature and at high temperatures through the formation of 
precipitates with higher melting point and hardness [7].  
 
 
2. Materials and Methods 
 
2.1 Investigated materials 

MgY7Zn2.5 was prepared by melting high purity Mg and Zn and a Mg-22 wt% Y master 
alloy in an electric resistance furnace. The alloy was cast in a 12-mm diameter cylindrical 
steel mold. Samples were subjected to tensile deformation at 350°C. The elongation was 
varied from 0 %, 10 %, 30 %, 60 %, 100 %, 160 % up to 220 %. The ZK60-x%RE alloy was 
prepared using metallic magnesium, Zirmax hardener (Mg-33.3 weight% Zr), electrolytic zinc 
and mischmetal (55% Ce, 24% La, 15% Nd, 4% Pr). As-cast and compressed ZK60 
(MgZn6Zr1) alloys modified with 2.5 wt% RE were investigated. The compression 
temperature was 250 °C, 300 °C and 350 °C, the strain rate 0.001 s-1 and the strain up to 40%. 
 
2.2. CT-measurements and characterization by scanning electron microscopy (SEM) and 

energy dispersive X-ray analysis (EDX) 

 
The CT measurements were performed by using a “nanotom 180NF” CT desktop device 
developed and manufactured by GE Sensing & Inspection Technologies with a 180 keV  
nano-focus tube with transmitting target and a 2300 x 2300 pixel Hamamatsu detector. 
Voltages between 60 and 140 kV were used. The X-ray tube is equipped with an external 
liquid cooling system to ensure stable measurement conditions and to minimize thermal 
influences [8, 9]. The cone-beam CT data were reconstructed by a filtered back projection 
Feldkamp-algorithm [8, 9]. The reconstructed data were processed and visualised with the 
program VGStudio MAX 2.2. The CT-measurement parameters are summarized in table 1. 
 

Table 1. Overview of the main CT-measurement parameters 

Material Energy Target Voxel size  
MgY7Zn2.5 60 kV  Tungsten - W (0.7 µm)3 – (1 µm)3 
ZK60 with 2.5 % RE 140 kV  

80 kV 
Tungsten – W 
Molybdenum - Mo 

(0.66 µm)3 – (1 µm)3 
(1.7 µm)3 



Selected regions of the samples were investigated by scanning electron microscopy (SEM).  
The scanning electron microscope Zeiss EVO 40/60 was used for secondary electron as well 
as backscattered electron imaging complemented by energy dispersive X-ray analysis (EDX) 
in order to identify the composition of heterogeneities. 
 
 
3. Results 
 
3.1  MgY7Zn2.5 alloy as-cast, extruded and deformed under tension at 350° C 

 
Figure 1 shows a cross-sectional CT-picture of as-cast (left pictures) and extruded (right 
pictures) MgY7Zn2.5. Four individual phases can be discriminated: high density particles 
(brightest particles), LPSO-phase (bright phase in the interdendritic region), Mg-matrix (dark) 
and features with grey values lower than those of the Mg-matrix, which can be identified as 
pores. The volume fraction of the individual phases can discriminated by grey value 
segmentation. Thus, the volume fraction of high-density particles (hdP) in the as cast 
condition is about 0.05 – 0.08 vol%, the concentration of the LPSO-phase is around 25 vol% 
and concentration of the pores is 0.01 – 0.3 vol%.  
 

 
 

Figure 1. CT-slices of MgY7Zn2.5: a) as-cast and b) extruded at 350 °C. The CT-measurements were carried out 
at 60 kV with a voxel size of (0.7 µm)³ and (1 µm)³, respectively.  
 
The extruded MgY7Zn2.5 alloy was subjected to tensile deformation at 350 °C up to different 
strain levels (0 %, 10 %, 30 %, 60 %, 100 %, 160 % and 220 %). The four different phases 
identified are segmented and colour coded in Figure 2, where cross-sectional CT-pictures for 
three different elongations (0 %, 100 % and 220 %) are shown. Here, Mg is shown in grey, 



LPSO in green; high density particles in red and pores in blue. Figure 3 shows the phases 
found in 3-dimensions. Here, the Mg-matrix is illustrated transparently and the other phases 
green, red and blue as in Figure 2. 
 

 
 

Figure 2. CT-slices (left: segmented images; right: unprocessed grey value CT slices) of MgY7Zn2.5: tensile 
deformation at 350 °C up to different strain levels (0 %, 100 % and 220 %). The CT-measurements were carried 
out at 60 kV with a voxel size of (0.75 µm)3. The colour code is as follows: grey = Mg; green = LPSO; red= 
hdP; blue = pores. 
 

 
 
Figure 3. Segmented and coloured CT-tomograms of MgY7Zn2.5: tensile deformation at 350 °C up to different 
strain levels (0 % and 160 %). The colour code is as follows: transparent = Mg; green = LPSO; red= hdP-high 
density particles; blue = pores. 
 
High density particles are only situated within the LPSO-phase. The pores are oriented along 
the LPSO-phase in the tensile direction. The number and fraction of pores increases with 
increasing strain. A detailed quantitative evaluation of the CT-results was carried out to 
determine the interconnectivity (Interconnectivity of a phase, I = largest connected volume of 



a particle Vphase, largest divided by the whole volume of a certain phase Vphase,total) of the 
individual phases at elongations between 0 and 220 %. 
 
InterconnectivityPores: 0.5 – 5.1 
InterconnectivityLPSO: 97.2 – 98.8 
 
The volume fraction and the Interconnectivity of the pores and LPSO phase versus elongation 
are shown in Figure 4. It can be seen that the volume fraction and interconnectivity of the 
LPSO-phase does not depend on the elongation, whereas the pore fraction and the 
interconnectivity of pores increase with elongation. 
 
 

 
 
Figure 4. Evolution of pores and LPSO phase in MgY7Zn2.5 during superplastic forming at 350 °C: Volume 
fraction and Interconnectivity of pores and LPSO-phase versus elongation.  
 
A detailed analysis of the evolution of pores and LPSO in MgY7Zn2.5 during tensile 
deformation at 350 °C leads to the following results by CT and also microscopy. The pores 
are mainly located in the region next to the fracture surface at the interface between the 
magnesium matrix and the LPSO phase. The LPSO phase is progressively broken as 
deformation proceeds and broken particles are redistributed within the magnesium matrix. 
The fracture of coarse LPSO-phase particles and their subsequent redistribution in the 
magnesium matrix take place during the course of superplastic deformation, preventing 
magnesium grain growth. 
 
 
3.2  ZK60 (MgZn6Zr1) alloy modified with 2.5 wt% RE 

 
Figure 5 shows a high resolution cross-sectional CT-slice of as-cast MgZn6Zr1-alloy 
modified with 2.5 wt% RE. CT clearly shows the 3-dimensional structure of the material. The 
microstructure is formed by a matrix of globular g-Mg grains reinforced by a highly 
interconnected network of intermetallics along the grain boundaries, originated from the 
preferential segregation of Zn and RE elements into the liquid phase during solidification. The 
average dendritic cell size is 150-200 µm, and two distinct morphologies of intermetallic 
phases are observed: one smooth and another one lamellar, which appears to be eutectic-like. 
It can also be seen, that the grey values of the intermetallic phases are different, the grey 
values of the lamellar-like phases are significantly higher.  
Figure 6 shows a comparison of scanning electron microscopy (SEM) and CT of the same 
region of the material. It can be seen that both results are similar. Both methods show clearly 



the structure of the Mg-alloy and of the individual phases. SEM gives only 2D-results 
whereas CT gives 3D-information of the microstructure. The resolution of SEM is higher, but 
CT gives also representative results. Both methods can discriminate 4-6 different phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5. Cross-sectional CT-slice (left picture) and 3D-visualization of the intermetallic phases (right picture) of 
as cast ZK60+2.5wt% RE. The CT-measurement was carried out with 140 kV and a voxel size of (0.66 µm)3.   
 
 

 
 
Figure 6. Comparison of SEM (scanning electron microscopy) and CT (X-ray computed tomography) of 
ZK60+2.5wt% RE. 
 

"

200 µm 



Figure 7 shows the results of the chemical analysis performed by energy dispersive analysis 
(EDX) together with the SEM-picture and the corresponding grey value histogram of the CT-
results of ZK60+2.5wt% RE. A complex 3D-structure with an g-Mg matrix with globular 
grains surrounded by a network of distinct intermetallics of Mg-Zn, Mg-Zn-RE and Mg-RE 
type can be recognized. At least 4 different phases can be identified and both discriminated by 
SEM and CT. Due to the high similarity (the difference is only 2.06 at% Nb the phases 5 and 
6 cannot be differentiated by SEM and CT: 
 ‚ c-Mg matrix: point 4 ‚ Intermetallics containing Mg and Zn - MgxZny: one phase (point 6 in figure 7) ‚ Intermetallics containing Mg, Mn, Zn, Sr and Zr - (point 1 in figure 7) ‚ Intermetallics cotaining Mg, Zn and RE - MgxZnyRez: MgZnNbLaCe (point 2), 

MgZnCe (point 3), MgZnNd (point 5) 
 

 
 
Figure 7. Identification of phases in ZK60+2.5wt% RE by EDX (energy dispersive X-ray analysis) in a certain 
volume of the material (left picture). The right picture shows the CT-grey value histogram of the same region of 
interest depicting the grey values of the different phases. 
 

 
 
Figure 8. Comparison of cross-sectional CT-slices of ZK60+2.5wt% RE compressed at 250°C (top) and at 
350°C (bottom) measured with the Mo-target at 80 kV and (1.7 µm)3. The load direction is perpendicular to the 
plane of the image. 



 
Figure 8 shows a comparison of the CT-results of ZK60+2.5wt% RE compressed at 250°C 
and at 350°C. The load direction is perpendicular to the plane of the image. It can be clearly 
recognized that damage is found in the form of cracks in the intermetallic phases after 
deformation at 350°C. The cracks visible at 250°C are much smaller. The increase of cracks 
and of porosity with the compression temperature are shown together with the intermetallic 
interconnectivity in Figure 9. At 350°C the volume fraction of porosity (cracks) is as high as 
5.5 %. The interconnectivity of the intermetallic phases decreases slightly with increasing 
temperature. 
 

 
 
Figure 9. Interconnectivity of Intermetallics and porosity of ZK60+2.5wt% RE versus compression temperature. 
  
 
4.  Conclusion and Summary
We have presented high resolution CT-results of Mg-alloys (MgY7Zn2.5 and ZK60+2.5wt% 
RE) scanned with cone beam desktop devices using voxel sizes down to (0.66 µm)3. For both 
materials different phases could be identified and segmented by CT. The results are 
summarized as follows. 
 
MgY7Zn2.5 ‚ Four individual phases can be discriminated by CT: high density particles, LPSO-

phase, Mg-matrix and pores. The high density particles are mainly situated within the 
LPSO phase. ‚ By segmenting with a simple grey-value-threshold-based method the relative content 
and the interconnectivity of the phases was evaluated.  ‚ CT-measurements of MgYZn subjected to tensile deformation show that pores 
oriented in the tensile direction are generated along the LPSO-phase. The 
interconnectivity of the LPSO-phase is for all strain levels higher than 97 %. ‚ The fracture of coarse LPSO-phase particles and their subsequent redistribution in the 
magnesium matrix takes place during the course of superplastic deformation, 
preventing magnesium grain growth. 



 
ZK60 (MgZn6Zr1) modified with 2.5 wt% RE ‚ The microstructure is formed by a matrix of globular g-Mg grains reinforced by a 

highly interconnected network of intermetallics along the interdendritic region.  ‚ The average dendritic cell size is 150-200 µm and two distinct morphologies of 
intermetallic phases are observed: one smooth and another one lamellar. ‚ 5 different intermetallic Mg-phases can be discriminated by CT and SEM. These 
phases are pores, g-Mg, MgZn, MgMnZnSrZr, MgxREy intermetallics (MgZnNbLaCe, 
MgZnCe,…) ‚ Severe damage is found in the form of cracks in the intermetallic phases after 
compressive deformation at 350° C. The cracks occur along the intermetallic phases. 
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