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Abstract
MgB2 is a promising candidate for commercial superconducting applications because, as grain boundaries in MgB2 are not 
weak links, there are fewer limitations on the choice of processing technique compared to high-temperature superconducting 
(HTS) cuprates. MgB2 bulks are usually manufactured by powder processing techniques followed by a sintering process. 
After sintering, the impurity phases such as MgO and MgB4 along with porosity are formed which strongly affect the super-
conducting properties mainly the macroscopic path for supercurrent in MgB2 bulks. Investigation of these microstructural 
features is essential to improve the superconducting properties of these bulks. In this work, high-resolution laboratory X-ray 
computed tomography (XCT) has been used to investigate the microstructure of MgB2 bulks in three dimensions. The vol-
ume fraction of defects and impurity phases along with the size distribution of pores have been studied using this advanced 
technique. A comparison has been made between the data extracted from conventional characterization techniques such as 
XRD and SEM and those obtained from the advanced XCT analysis.
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1  Introduction

MgB2 is considered a promising material in the field of 
applied superconductivity due to its relatively high criti-
cal temperature of 39 K (Tc) which makes it suitable for 
liquid helium-free applications, in contrast to conventional 
low-temperature superconductors (LTSs) such as NbTi and 
Nb3Sn [1–4]. Moreover, MgB2 can be manufactured in bulk 
by scalable and readily available powder metallurgy routes 
which are much easier and cheaper compared to those pro-
cessing techniques used for high-temperature superconduc-
tor (HTS) materials such as cuprates [5–8]. In addition, 
MgB2 does not contain any rare earth or toxic elements that 
usually exist in HTS [9, 10]. This combination of properties 
makes MgB2 an attractive candidate to replace ‘traditional’ 
LTS materials such as NbTi in applications including MRI 
machines and magnetic drug targeting devices [1, 11, 12].

The main manufacturing technique for MgB2 bulks 
involves a standard powder processing process followed by a 
heat treatment [13]. This processing technique can be carried 
out either in-situ or ex-situ [14]. In the in-situ process, Mg 
and B precursor powders react together to form the MgB2 
phase at moderate temperatures (less than 900 °C) during 
the heat treatment. In the case of the ex-situ route, pre-syn-
thesised MgB2 powder is consolidated at high temperatures 
(above 900 °C), usually with the assistance of pressure to 
achieve densification.

The research carried out for  MgB2  bulks and  wires 
showed that heating under high isostatic pressure allows 
for a significant increase in the density of the MgB2, and 
improves its homogeneity, improves inter-grain connections, 
reduces voids, and increases critical parameters [15–18]. 
Moreover, the density of the untreated MgB2 material before 
the synthesis reaction significantly affects the formation of 
the MgB2 superconducting phase [19–21]. In all of these 
synthesis processes, dopants also play a significant role in 
both the manufacturing process and final superconducting 
properties [22].

The MgB2 bulks manufactured by powder processing 
techniques usually include impurity phases, mainly MgO 
and MgB4, as well as porosity and gaps between the grains 
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which limit the cross-sectional area for supercurrent trans-
port [23]. MgB4 forms by the thermal decomposition of 
MgB2, and the porosity is usually formed as a result of 
the sintering process of a brittle material, and the impurity 
phases are usually formed as a result of high-temperature 
sintering process [24]. Since these microstructural features 
strongly affect the critical current of the MgB2 bulk, the 
main challenge is how to improve the density and connec-
tivity of MgB2 bulks without using high temperatures that 
promote the formation of impurities and increase the manu-
facturing cost.

However, these microstructural features need to be inves-
tigated carefully in MgB2 bulks in order to make a precise 
correlation between processing parameters and microstruc-
ture, and finally to optimize the processing techniques to 
achieve MgB2 bulks with minimized porosity and large 
impurity phase particles. The impurity and porosity of MgB2 
bulks have been widely investigated in the literature [25]. In 
most of these studies, different types of electron microscopy 
have been used to investigate the microstructure. While all 
these techniques are well established as powerful tools in 
the characterization of materials, they rely on 2D images 
where the information in one dimension is always missing 
in the analysis.

This work focuses on using a new advanced charac-
terization technique, X-ray computed tomography (XCT), 
to look at the microstructure of MgB2 bulks in three 
dimensions rather than conventional two-dimensional 
techniques. XCT is a relatively novel method for 3D 
microstructure characterization of bulk materials, using 
synchrotron or laboratory X-ray microscopes [26]. Com-
pared with conventional 2D characterization methods, 
XCT can provide accurate and high-resolution 3D obser-
vations of the microstructure, while avoiding the pos-
sible introduction of manual damage during the sample 
preparation process. Consequently, XCT as an advanced 
non-destructive technique has been applied to a range 
of materials to look at various microstructural features 
such as porosity [27–30]. This study is focused on using 
this advanced technique to examine the microstructure of 
MgB2 bulks in 3D. The results present 3D visualization 
of various features in MgB2 bulks and provide informa-
tion on the volume fraction of impurities and porosity 
along with the size distribution of these features. Con-
ventional techniques including scanning electron micros-
copy (SEM) and X-ray diffraction (XRD) were also used 
to investigate the samples. Finally, a comparison was 
made between the results of the 3D analysis by XCT and 
those of the 2D analysis by conventional techniques.

2 � Methodology

2.1 � MgB2 Fabrication

MgB2 bulk samples were fabricated from commercial MgB2 
powders (purity: 99%, size < 10 μm, Alfa Aesar) and a sinter-
ing process. The MgB2 powders were placed into a graph-
ite die protected with graphite paper. Two graphite punches 
were used to complete the assembly. The powder was sin-
tered through cold pressing followed by a hot pressing process 
using spark plasma sintering (SPS). It was first compacted at 
room temperature in the graphite die using a uni-axial press 
at a pressure of 30 MPa for 1 min. The die assembly was 
then transferred into a Dr Fritsch DSP 507 FAST apparatus 
operating with a constant voltage and pulsed current ranging 
between 1.5–4 V and 0.4–1.2 kA. Before sintering, the cham-
ber was evacuated and filled with Ar a few times to make an 
oxygen-free chamber by removing any residual oxygen. The 
sintering chamber was then continuously evacuated during 
the sintering process to reach a baseline pressure of approxi-
mately 0.4–0.6 mbar. The samples were heated from room 
temperature to 900 °C at a rate of 100 °C /min and maintained 
at this temperature for 10 min (Sample 1) and 20 min (Sam-
ple 2). Then the pressure was gradually increased to 40 MPa 
(Sample 1) and 30 MPa (Sample 2). Finally, the samples were 
maintained for about 5 min at 900 °C, before being progres-
sively released during the final cooling step. The density of 
the MgB2 bulk before and after this sintering process was 
measured to be 2.1 g cm−3 and 2.45 g cm−3 respectively.

2.2 � Characterization

The MgB2 bulk samples were characterized using different 
techniques including conventional x-ray diffraction (XRD) 
and scanning electron microscopy (SEM) techniques and 
advanced X-ray computed tomography (XCT) facility.

The SEM analysis was carried out using a JEOL 5510 
SEM with OI SDD detector operating at 20 kV accelerat-
ing voltage. Higher spatial-resolution chemical analysis was 
performed using a Zeiss Merlin SEM with an Oxford Instru-
ments 150 mm2 XMax EDX detector. The phase fraction 
of each phase was calculated from the SEM images using 
image processing techniques.

The XRD measurements were carried out in a Rigaku Mini-
flex diffractometer using Cukα radiation (λ = 0.154 nm) at 
40 kV and 15 mA. The weight fraction of the different phases 
detected in the bulk specimens were estimated from the XRD 
data by using Rietveld refinement (PANalytical HighScore 
Plus software) using the Hill and Howard method [31].
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The tomographic imaging was performed using an Xradia 
Versa 510 X-ray microscope at Oxford University. The MgB2 
samples were cut to a size of 1 mm in cross-section in order to 
be firmly secured to the sample holder and thus to minimize 
sample movement during image acquisition. For each scan, 
2000 radiographs, each with an exposure time of 10 s, was 
taken over a 360-degree rotation. The tomography was recon-
structed using the microscope software. The volume analysed 
was approximately 980_980_200 voxels with a resolution of 
0.561 μm per voxel side (i.e. ~ 0.55 mm × 0.55 mm × 0.12 mm).

3 � Results and Discussion

3.1 � XCT Results

3.1.1 � Image Processing

The XCT data was analyzed using ImageJ and Avizo soft-
ware. For precise analysis including the phase segmentation 
carried out using the Avizo software, the XCT images were 
first modified in ImageJ mainly for clear contrast between 
different phases and voids. 2D slice images after processing 

are shown in Fig. 1 for Sample 1 and Sample 2 at differ-
ent magnifications. It can be seen that the images include 
features with different contrasts corresponding to different 
phases of MgB2, MgB4, MgO and voids. In XCT, different 
contrasts are due to phases with different x-ray absorption 
which will scale with atomic number. The MgB2 matrix has 
light grey contrast, the MgB4 phase is dark grey, the bright 
features are MgO, and the pores are usually black. For both 
samples, the 2D slices taken from different locations are 
relatively similar with almost the same features indicating 
that the samples manufactured in this work are macroscopi-
cally uniform.

3.1.2 � Quantification and Data Analysis

To quantitatively analyse the phase fractions in the MgB2 
sample, Interactive Thresholding, a commonly used image 
segmentation module, was used to separately extract the 
voids and MgO phase from the background based on their 
contrast, i.e. different voxel grey levels. Interactive thresh-
olding creates a binary image where the intensity level of 1 
represents the features above the threshold, and 0 represents 
the background.

Fig. 1   2D virtual slices of 
MgB2 bulk (Sample 1 and 
Sample 2) at different magni-
fications taken from different 
locations (a, b and c shown in 
the left image) by XCT
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Figure 2a shows 3D visualization of the MgB2 sample 
(sample 1) before segmentation, and Fig. 2b shows the 3D 
visualization of MgO (yellow colour) and pores (blue col-
our) in the MgB2 sample after segmentation and applying 
the “Interactive Thresholding” function in Avizo. As can be 
seen, the MgO particles are evenly distributed within the 
MgB2 matrix.

Figure 2c-e shows the 3D visualization of the same 
phases (MgO and voids) at higher magnification after 
applying “Interactive Thresholding”, Region of Interest 
(ROI) and “Extract Volume” module functions in Avizo 
to zoom in specific sub-volume to present a clear view 
of the structure.

Figure 3 shows the 3D visualization of MgO and pores 
in two MgB2 samples sintered under different conditions, as 
explained in Section 2.1. In both samples, the distribution 
of the MgO phase is relatively uniform across the entire 
sample. However, sample 1 includes a larger number of 
smaller MgO particles compared to sample 2 which consists 
of a smaller number of larger MgO particles. Sample 2 was 
maintained at a high temperature (900 °C) for a longer time 
(20 min) before applying the pressure compared to sample 
1. This facilitates the oxidation of Mg as well as atomic dif-
fusion in sample 2 leading to larger particles of MgO.

In contrast, sample 1 was maintained at a high tempera-
ture for a shorter time resulting in small MgO particles 

Fig. 2   Segmentation process of 
extracting interest sub-volume. 
a 3D visualization of the MgB2 
sample, (b) 3D visualization of 
MgO and pores after segmenta-
tion, (c-e) 3D visualization of 
the zoomed-in selected area

Fig. 3   3D visualizations of MgO phase and porosity in MgB2 bulk samples (a) Sample 1 and (b) Sample 2. These 3D images were obtained by 
threshold segmentation of tomographs to remove the MgB2 matrix and visualize the MgO and pores as explained in the text
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nucleating evenly across the sample with limited time to 
growth. Consequently, this sample includes smaller MgO 
particles distributed uniformly in the MgB2 matrix. Inter-
estingly, in contrast to MgO phase, the distribution of 
the pores is not uniform, especially in sample 2. Figure 4 
shows the 3D visualization of MgB4, MgO and pores in 
two different regions in Sample 2. As can be seen, the 
MgB4 particles are much smaller compared to the MgO 
particles, however, the two regions show relatively simi-
lar distribution of the MgB4 and MgO indicating that the 
MgB2 bulk is macroscopically uniform. To quantitatively 
investigate these microstructural features, pores and MgO 
were separated with a “Separate Object” module before 
applying the equivalent diameter equation in the Label 
Analysis module to calculate the diameter of pores and 
solid particles. The segmented model was then further 
analyzed, and the resulting quantitative parameters were 
obtained as listed in Table 1. Sample 1 includes about 2 

vol.% of porosity versus 3.5 vol.% of porosity for sample 2 
indicating that sintering parameters for sample 1 including 
higher pressure and shorter time leads to a denser micro-
structure, desirable for superconducting applications. 
Moreover, although the size of the MgO particles is dif-
ferent, the MgO vol.% is almost similar for both samples. 
This is because the small MgO particles can join together 
making larger particles if they are given sufficient time at 
high temperatures. This is the case of the sintering param-
eters in sample 1.

3.2 � SEM and XRD Characterization

Figure 5 shows the SEM images of MgB2 samples. Sam-
ple 1 shows a well-connected microstructure containing a 
small volume fraction of pores (black regions). In contrast, 
sample 2 shows more porosity consistent with the XCT 
data presented in Table 1. At higher magnification, sample 

Fig. 4   3D visualizations of MgB4, MgO and pores in the MgB2 bulk sample using XCT technique

Table 1   Quantitative parameters 
of pores and MgO particles 
calculated from the XCT data

Pore diameter
(µm) (± 0.1)

MgO diameter
(µm) (± 0.1)

MgB4 diameter
(µm) (± 0.1)

Vol.% 
pore 
(± 0.04)

Vol.% MgO
(± 0.04)

Vol.% MgB4
(± 0.04)

Sample 1
  Minimum 0.008 0.08 0.009 2.1 8.23 4.1
  Average 0.06 0.19 0.08
  Maximum 4.32 2.39 1.7

Sample 2
  Minimum 0.007 0.09 0.01 3.5 8.18 4.8
  Average 0.11 0.28 0.08
  Maximum 2.61 2.95 1.9
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1 shows four different contrast levels corresponding to the 
solid phases of MgB2 (light grey), MgB4 (dark grey) and 
MgO (white), and porosity (black). This phase assignation 
has been confirmed by energy-dispersive X-ray elemental 
maps. This data shows that the MgB2 bulk consists of a con-
nected matrix of MgB2 phase with fine round MgO particles 
(< 1 µm) and individual larger particles of MgB4 randomly 
distributed over the matrix. Sample 2 shows larger MgO 
particles as well as more individual pores that can interrupt 
a continuous path for supercurrent.

The volume fraction of pores and MgO was calculated 
from the SEM images by dividing the number of pixels 
corresponding to these phases by the total number of pix-
els in the image. The results show that sample 1 includes 
8 vol.% MgO and 2.3 vol.% pores whereas sample 2 con-
sists of 8.7 vol.% MgO and 6.3 vol.% pores. Comparing 
this data with the volume fractions calculated from the 
XCT data, it can be seen that a relatively large difference 
exists for the volume fraction of pores when calculated 
by SEM and XCT (especially for sample 2). Looking at 
the 3D visualization of sample 2 at high magnification 

(Fig. 3b), the pores are not uniformly distributed over 
the sample. As a result, when the sample is analyzed by 
SEM, a 2D analysis technique, it is more likely that the 
SEM image is not representative of the entire sample 
leading to results that are less representative of the bulk.

Figure 6 shows the XRD patterns of MgB2 bulks pre-
pared at different sintering conditions (sample 1 and 
sample 2). The XRD peaks were identified as corre-
sponding to MgO, MgB2 and MgB4 phases. No other 
phases were detected in the XRD data. This is consistent 
with the SEM and XCT data. The presence of MgB4 and 
MgO impurity phases in MgB2 bulks has been widely 
reported in the literature [32]. To quantify the fraction 
of each phase from XRD data, the XRD patterns were 
analysed by Rietveld refinement. The wt.% of MgO and 
MgB4 were calculated to be 8.1 and 4.2 respectively 
for sample 1, and 9.5 and 4.8 respectively for sample 2. 
Consistent with the XCT data (Table 1), the fraction of 
MgO is relatively similar in both samples because of the 
reasons explained in Section 3.1.2.

Fig. 5   The SEM images of 
MgB2 bulk samples (a) sample 
1, (b) sample 2

Fig. 6   XRD patterns of MgB2 
bulks sintered at different condi-
tions
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4 � Conclusion

This work investigates the microstructure of MgB2 bulk 
samples in three dimensions using advanced laboratory 
XCT technique. The MgB2 samples were prepared by pow-
der processing followed by the FAST sintering process. In 
addition to the XCT technique, conventional SEM and XRD 
techniques were also used to examine the microstructure, 
and a comparison was made between the SEM results (2D 
analysis) and XCT results (3D analysis). The SEM data, 
XRD and XCT techniques were found to be complementary 
for a precise analysis of the microstructure of MgB2. While 
the XRD and SEM provide information about the existing 
phases and the composition, the XCT technique used in this 
work provides a new insight into the microstructure of the 
MgB2 bulks. This includes.

	 (i)	 3D visualization of impurities and defects including 
pores in MgB2 which is highly important to under-
stand the connectivity in the MgB2 matrix in three 
dimensions and examine the supercurrent path within 
the MgB2 superconductor. Our work showed that 
although the impurity phases and porosity exist in 
the MgB2 bulks, there is still a continuous path in the 
MgB2 matrix for transport supercurrent.

	 (ii)	 The distribution of the impurities and defects in three 
dimensions which is significant for optimizing the 
processing conditions including sintering parameters 
such as pressure, time, and temperature. This infor-
mation also helps to understand the uniformity of the 
sample in terms of microstructure and consequently 
critical current density.

	 (iii)	 The 3D visualization of the MgO phase showed that 
the MgO is in round small particles and is distributed 
evenly within the MgB2 matrix. The distribution of 
the MgO particles was found to be highly affected by 
the sintering process especially sintering temperature 
and waiting time before applying the pressure. If the 
waiting time is longer, larger MgO particles will be 
formed with larger distances between the particles.
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