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Abstract 
This research was conducted to analyze the hardness, microstructural morphology, and crystallography 
of the MgB2 compound in the form of a SS 304-sheathed superconducting wire. MgB2 superconducting 

wire with SS 304 outer sheath was manufactured using an ex-situ rolling process. The results of the 

Vickers hardness test with a load of 0.3 N showed the MgB2 hardness value of 355.1 HV. The results of 
observations with SEM-EDS (scanning electron microscopy-energy dispersive spectroscopy) showed the 

agglomerations of the second phase of (Mg)B-O with various compositions due to the rolling process. 
There was also a longitudinal crack in the MgB2 area due to the work-hardening phenomenon in the 

brittle MgB2 solid. There were no obvious Bragg peaks in the MgB2 phase. The detected Bragg peaks 

came from the austenitic (-Fe) of SS 304-sheath.    
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1. INTRODUCTION 
     Superconductors are materials capable of 

conducting electric current with zero resistivity at 
very low temperatures. Superconductors can 

conduct current even in the absence of a voltage 

source. This material can also act as a perfect 

diamagnetic material, so it can completely reject 

the external magnetic field as long as it is below 

its critical value (Hc) [1]. Magnesium diboride 

(MgB2), which was discovered in 2001 by 

Nagamatsu et al., [2] is a metal-based 

superconducting material with a critical 

temperature (Tc) of 39 K, so that it can be used in 

the operational temperature range of 20-25 K in 

more economical cryocooler conditions. The 

research and development of MgB2 are expected 

to replace the low-temperature superconducting 

materials NbTi and Nb3Sn due to the higher Tc of 

MgB2. In addition, Mg is an abundant and 

cheaper metal resource compared to Nb, Ti, and 

Sn. Superconducting applications are usually 

used in the form of wire or tape. In this study, the 

process of making wire was carried out using the 

ex-situ powder-in-tube method. Using the ex-situ 

method shows more optimal results and low 

solid-state reaction between the stainless-steel 

sheath and MgB2 which impacts the formation of 

oxides. Choi et al., [3] carried out a carbon 

doping process on MgB2 superconducting wire 

using the ex-situ powder in-tube method. 

     This study; put ready-made MgB2 powder 

with > 99% purity into stainless steel (SS) metal 

tubes. This study used SS 304 steel tubes which 

were cheaper than other metal tubes. The 
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previous characterization also showed that the SS 

tube did not react with MgB2 when heated [4]. 

Only a little research has been done to 

quantitatively characterize the crystallographic 

texture of MgB2 superconducting wire, in 

addition to the frequency of publication topics 

that are not too high. The latest publication by 

Melone et al., [5] discusses the crystallographic 

texture of MgB2 wire with SiC nano doping. 

Previously, Kováč et al., [6] discussed the 

anisotropy of the critical electric current (Ic) of 

in-situ MgB2 in the form of bands, one of which 

is due to the texture of MgB2 near the interface 

with the Fe, Ta, and Nb sheaths. Even further 

back, Song et al., [7] published articles on the 

anisotropy of grain morphology and 

crystallographic texture and their implications for 

the flux pinning mechanism of MgB2 in the form 

of pellets, filaments, and thin films. 

     This research was conducted to characterize 

and analyze the crystallographic texture of MgB2 

in wire form, its hardness value, and 

microstructure morphology. 

 

2. MATERIALS AND METHODS 
     MgB2 powder with a purity > 99% was put 

into a SS 304 tube with an initial diameter of 6 

mm. This MgB2-containing SS 304 tube was  

rolled to reduce the wire diameter to 3.2 mm. 

Several tests were carried out on the rolled wire, 

including the Vickers hardness test, 

microstructure observation, XRD (x-ray 

diffraction) test, and crystallographic texture test.  

     In the Vickers hardness test, the cut and 

mounted wire samples were ground using 

abrasive paper numbers 40 to 2000 until the 

sample’s surface was scratch-free. The samples 

were then polished using 1-micron alumina 

polishing fluid. The Vickers hardness test was 

performed using a pyramid-shaped diamond 

indenter. This test was carried out at five points 

with the same load, 0.3 N. The sample for the 

Vickers hardness test was also used for 

microstructure observation using a JEOL JSM-
6390A SEM (scanning electron microscope). 

     For the XRD test, the wire sample was 

chopped or filed first to obtain a powder or flake 

form so that low-power x-rays can penetrate it. 

When a crystalline material is analyzed using 

XRD, the x-rays are diffracted at specific angles 

that depend on the spacing between the planes of 

atoms within the crystal lattice. Each set of 

planes diffracts the x-rays at a particular angle, 

producing a diffraction peak in the XRD pattern. 

The material’s crystal structure can be 

determined by analyzing the positions and 

intensities of the diffraction peaks. 

     However, for x-rays to interact with the 

crystal lattice and produce diffraction peaks, the 

material must be powdered or flake. This is 

because x-rays have a limited penetration depth 

and are scattered in all directions when 

interacting with bulk material. By grinding or 

filing the sample into a powder or flake, the 

sample's surface area is significantly increased, 

allowing the x-rays to penetrate the material from 

many different directions and increasing the 

number of diffraction directions observed in the 

XRD pattern. 

     Increasing the number of diffraction directions 

is important because it provides more 

information about the material’s crystal structure. 

The more diffraction directions observed, the 

more accurately the crystal structure can be 

determined, including the lattice parameters, 

space group, and the orientation of the crystal 

lattice concerning the sample surface. This 

information is important for understanding the 

material’s physical properties, such as its 

mechanical, thermal, and electrical properties, 

and designing new materials with tailored 

properties. 

     XRD tests and analysis were carried out to 

determine the position of the Bragg peaks at a 

specific diffraction angle range and the 

percentage of elements contained in the MgB2 

superconducting wire, using the PANalytical 

EMPYREAN XRD test kit with Cu-Kα radiation, 

with a wavelength (λCu) of 1.54060 Å and a 

position angle between 10.0024 to 79.9684. 

     Neutron diffraction is a powerful technique 

used to study the crystal structure of materials, 

particularly those that contain light elements such 

as hydrogen or lithium, which are difficult to 

analyze using x-ray diffraction. Neutron 

diffraction experiments are typically performed 

using a neutron source, such as a research reactor 

or a spallation source, which produces a beam of 

neutrons directed onto the sample. 

     The data from the XRD test with the 

PANalytical EMPYREAN instrument was then 

used to observe crystallographic textures with the 

neutron FCD/TD (four-circle 

diffractometer/texture diffractometer). The 

neutron FCD/TD (four-circle diffractometer/ 

texture diffractometer) is a specialized instrument 

used for neutron diffraction experiments. It 

consists of a sample stage that can rotate around 

four different axes, allowing the sample to be 

oriented in various positions concerning the 

neutron beam. The instrument is also equipped 

with detectors that can measure the intensity of 

the diffracted neutron beam at different angles, 
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which can be used to determine the crystal 

structure and orientation of the sample. 

     In a neutron diffraction experiment with the 

FCD/TD, the sample is first mounted onto the 

sample stage and oriented in a specific direction 

concerning the neutron beam. The neutron beam 

is then directed onto the sample, and the detectors 

detect the diffracted neutrons. By analyzing the 

positions and intensities of the diffracted neutron 

peaks, the material’s crystal structure can be 

determined, including the positions of the atoms 

within the crystal lattice and the symmetry of the 

lattice. 

     In addition to determining the crystal structure, 

the FCD/TD can also be used to study 

crystallographic textures, which refer to the 

preferred orientation of the crystal lattice within 

the material. By rotating the sample stage around 

different axes and measuring the diffraction 

patterns at each orientation, it is possible to 

determine the preferred orientation of the crystal 

lattice and how it affects the material properties. 

This information is important for understanding 

the anisotropic properties of materials, such as 

their mechanical, thermal, and electrical 

properties, and for designing new materials with 

tailored properties. 

This study used an FCD/TD (four-circle 

diffractometer/texture diffractometer) to 

determine the two-dimensional crystallographic 

texture of MgB2 compounds with crystal 

orientation relative to the 2 angles of the peak 

intensity of the XRD results. However, because 

FCD/TD used a neutron beam with a different 

wavelength (n) than the Cu-Kα (Cu) 

wavelength from XRD PANalytical 

EMPYREAN, the 2 angles of XRD had first to 

be converted to 2 angles for FCD/ TD, using an 

equation based on Bragg's law: 

 

 =                                                    (1) 

 

      

 

 

 

 

 

 

 

 

 

 

 
Figure 1. The bundle of MgB2 wires 

 

There were two types of wire samples for this 

neutron diffraction test, one with a diameter of 

2.5 mm and the other with a diameter of 3 mm. 

The wire samples were bundled to provide a 

large enough surface area for diffraction. The 

average diameter of the bundled wires was 8.75 

mm, with a length of 1.5 cm (Fig.1). The data 

resulting from neutron diffraction was then 

processed using the MAUD (materials analysis 

using diffraction) application. 

 

3. RESULT AND DISCUSSION  
3.1 Longitudinal Anatomy of Wire Samples 

     Figure 2 shows a sample of SS 304-sheathed 

MgB2, which experienced a rolling reduction 

process. The diameter of the MgB2 

superconducting wire sample decreased from 6.0 

mm to 3.2 mm, or a 71.6% reduction.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Sample of rolled MgB2 superconducting wire 

 

     Figure 3 shows the longitudinal anatomy of 

this SS 304-sheathed MgB2 wire sample, where 

the MgB2 compound was flanked by SS 304. It 

can be seen that there was a longitudinal crack in 

the MgB2 area due to the work-hardening 

phenomenon in the brittle MgB2 solid.  

     Figure 4 shows the results of measuring the 

average thickness of the SS 304 tube and the 

MgB2 area using the JEOL JSM-6390A SEM. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Longitudinal anatomy of a sample of rolled MgB2 

superconducting wire. The yellow arrow indicates the 

longitudinal crack in the MgB2 
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Measurements of the diameter of the SS 304 wire 

sheath showed an average value of 3.224 mm and 

an inner diameter filled with MgB2 of 1.428 mm. 

 

 

 

 

 

 

 

 

 

 
Figure 4. Measurement of the wire sample's average 

diameter, the thickness of the SS 304 tube, and the area of 

the MgB2 compound. The yellow arrow indicates the 

longitudinal crack in the MgB2 

 

3.2 Hardness of Wire Samples 

     Table 1 shows the hardness value of each 

indentation and its average value. 

 
Table 1. MgB2 superconducting wire hardness values 

 

 

 

 

 

 

 

 

     The Vickers hardness test took into account 

the value of diagonal 1 and diagonal 2 to obtain 

the HV hardness value using the following 

equation: 

 

D =              (2) 

HV =             (3) 

HV =              (4) 

 

where: 
D  = average diagonal length 

D1  = length of diagonal 1 

D2  = length of diagonal 2 
HV = Vickers hardness value 

F = load.  

 

Based on Equations 2-4, the average hardness 

value of the MgB2 superconducting wire was 

355.1 HV (3.482 GPa). Previous research 

conducted by Herbirowo et al., [8] on SS 316-

sheathed MgB2 wire which was annealed at 

800 °C and rolling, showed a hardness value of 

377.2 HV. The difference in hardness values was 

mainly due to the nickel content in SS 304 and 

SS 316. SS 304 contains an average of 8.0% 

nickel, while SS 316 contains 10.0% nickel. The 

higher the nickel is, the value of the strength and 

hardness of the steel increases. In addition, SS 

316 contains 2.0% Mo (molybdenum). Mo 

functions not only to increase corrosion 

resistance but also to increase steel’s hardness, 

toughness, and strength. 

 

3.3 Microstructures of MgB2 Wire 

     Figure 5 shows the morphology of the MgB2 

compound on a superconducting wire. Clumping 

or agglomeration (white arrows) occurred in the 

MgB2 compound due to the rolling process, 

where the MgB2 powder wire was subjected to 

roll compaction pressure. The inhomogeneity of 

agglomerate sizes in MgB2 powder was 

determined by several factors, such as the outer 

and inner diameters of the wire, the rolling or 

rolling tool system, and the interaction between 

process parameters and the physical properties of 

the material (MgB2 and SS 304 sheath) [9].  

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Morphology of MgB2 compounds in 

superconducting wire samples. Agglomerations with non-

uniform size distribution are indicated by white arrows 

 

     EDS analysis of these lumps also indicated the 

presence of the second phase (Mg)B-O 

(discussed later). At the same spot as Fig. 5, an 

elemental mapping analysis was carried out to 

determine the distribution of the main elements, 

as shown in Fig. 6. 

     From Figure 6, it can be seen that the most 

dominant elements were Mg (Fig. 6(d)), then O 

(Fig. 6(c)), and B (Fig. 6(b)). The presence of 
elemental oxygen indicated the occurrence of an 

oxide phase. Figure 7 shows the results of the 

analysis of the EDS in-situ composition by spot 

on several lumps or agglomerates. These lumps 

were suspected to be the second phase (Mg)B-O 

with various compositions (Figs. 7(a)-(c), and 

(e)).  

 

 

 

 

 

 

Test No. HV 
Hardness  

(GPa) 

1 357.8 3.5088 

2 337.4 3.3087 

3 317.6 3.1145 

4 371.2 3.6402 

5 391.5 3.8981 

Rolling 

direction 
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(d) 

Figure 6. Results of elemental mapping analysis on MgB2 

superconducting wire samples: (a) SEM, (b) elemental 

boron (B) (c) elemental oxygen (O), and (d) elemental 

magnesium (Mg) 

 

     The existence of the second phase (Mg)B-O 

was also previously reported by Chen et al., [10], 

where the element oxygen originated from the 

boron powder precursor, B2O3. 

 

 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e)  

Figure 7. The EDS in-situ composition analysis results by 

spot on the agglomerates of the MgB2 compound indicated 

the presence of a second phase (Mg)BO with various 

composition variations 
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Amorphous boron contains more B2O3 

compounds than crystalline boron. However, 

after synthesis, the second phase (Mg)B-O is 

mainly produced by crystalline boron [10]. The 

results of the EDS analysis of the agglomerates in 

Fig. 7(d) show the presence of Nb (niobium) 

impurity. 

 

3.4 X-Ray Diffraction Analysis 

     Figure 8 shows the XRD results of the MgB2 

superconducting wire sample, where the highest 

peak of the MgB2 compound occurs at an angle 

of 2 = 42.428 and for iron (Fe) from the SS 

304 sheath at 44.510. The compositional 

analysis of the XRD results showed an MgB2 

content of 74.1% and α iron of 25.9%. 
 

 
 

Figure 8. Graph of XRD characterization results of MgB2 

superconducting wire 

 

3.5 Crystallography Analysis 

     Previously it was known that the maximum 

intensity of MgB2 occurred at an angle of 2Cu = 

42.428 or Cu = 21.214. By using the values of 

Cu = 1.54060 Å and n = 1.2799 Å and Equation 

1, the value of the angle n was calculated to be 

17.495, or 2n = 34.989. The results of the 

diffraction data from FCD/TD were then 

processed in the MAUD (material analysis using 

diffraction) application. 

     Two types of phases were observed using 

FCD/TD, namely -Fe (austenite) and MgB2. 

Austenitic steel hasana fcc (face-centered cubic) 

structure with a space group of Fm-3m. 

Depending on the carbon content, the lattice 

parameter of -Fe varies from 3.5680 Å  (C = 

0.45%) to 3.6043 Å (C = 1.25%) [11]. MgB2 has 

a hexagonal structure with lattice parameters a = 

b = 3.06 Å  c= 3.52 Å,  = 90,  = 90,  = 

120, and a space group of P6/mmm [12]-[13]. 

     From the results of the initial analysis of the 

Bragg peak with MAUD, there was good 

compatibility between the Bragg peaks of the 

austenitic -Fe phase with the experimental 

results, as shown in Fig. 9 (for wire diameter = 

3.0 mm) and Fig. 10 (for wire diameter = 2.5 

mm).  

 

 
 

Figure 9. The compatibility between -Fe phase Bragg peaks 

with the experimental results, for wire diameter = 3.0 mm 

 

The difference in peak intensities in Fig. 9 and 

Fig. 10 can be correlated with the extent of wire 

reduction. The wire reduction was 75.0% for a 

wire diameter of 3.0 mm, whereas the wire 

reduction was 82.6% for a wire diameter of 2.5 

mm. Such wire reduction induced the 

development of crystallographic texture or 

preferred orientations due to material 

deformation [13]-[14]. 

 

 
 

Figure 10. The compatibility between -Fe phase Bragg 

peaks with the experimental results, for wire diameter = 2.5 

mm 

 

 
Figure 11. No compatibility between MgB2 Bragg peaks 

with the experimental results, for wire diameter = 3.0 mm 

   

   In the MgB2 phase, there was no Bragg peak 

corresponding to the theoretically produced 

MgB2 Miller index for both wires with diameters 

Bragg peaks 

O          experimentals 

Bragg peaks 

O          experimentals 
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of 2.5 mm and 3.0 mm (Figs. 11 and 12). There is 

no Bragg peak in the MgB2 diffraction pattern 

since boron, and its boride compound are 

neutron-absorbing materials [15]-[16]. Even 

though the abundance of 10B isotope in nature is 

only 18.9-20.4% [17], it has a neutron cross-

section of 3835-3840 barns (1 barn = 10-24cm2) 

for 0.025 eV neutron [18]. On the other hand, the 
11B isotope (with the 79.6-81.1% portion) has a 

neutron cross-section of only 5.28 barns [18]- 

[19].  

To overcome this issue, researchers may use 

other techniques such as neutron diffraction, 

which is more sensitive to the presence of 10B, or 

use isotopically enriched samples containing a 

higher proportion of 11B. These methods can help 

to improve the resolution and accuracy of the 

XRD analysis of MgB2. 

 

 
Figure 12. No compatibility between MgB2 Bragg peaks 

with the experimental results, for wire diameter = 2.5 mm 

 

4. CONCLUSION 
     The average hardness value of the MgB2-SS 

304 superconducting wire was 355.1 HV (3.482 

GPa), lower than that of the MgB2-SS 316 

superconducting wire. This condition was 

triggered by the higher Ni and Mo content in SS 

316 compared to SS 304. Observation of the 

microstructure of the MgB2 compound on this 

superconducting wire shows the presence of 

agglomerates of various sizes, which were also 

the second (Mg)B-O phase with variations in 

composition. There were no obvious Bragg peaks 

in the MgB2 phase. This was probably due to the 

effect of the very large neutron absorption cross-

section of the 10B isotope so that most of the 

neutrons were absorbed by the material, and only 

a small part of neutrons was scattered and 

captured by the detector. The detected Bragg 

peaks came from the austenitic (-Fe) of SS 304-

sheath. 
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