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Abstract
In this study, we analyze the properties of boron isotope (11B)-rich powders from 
three different sources, that is, American, Cambridge, and Pavezyum, to fabricate the 
bulk Mg11B2 superconductors and evaluate their superconducting properties. While 
11B-rich powder is an essential precursor to fabricate Mg11B2 superconductors for 
fusion magnet applications, the properties of the 11B powder turned out to be critical 
to determine the quality of the final superconducting product. Therefore, appropriate 
control of processing conditions is needed to comply with the requirements of the nu-
clear fusion application. Analysis of the B isotope ratio by accelerator mass spectros-
copy and neutron transmission revealed that all three types of powder are enriched 
with 11B to better than 99 at % quality. In addition, Pavezyum's 11B shows the lowest 
crystallinity and smallest crystalline domain size as evidenced by the high-resolution 
X-ray diffractometer and scanning electron microscopy. The chemical states of the 
boron isotope investigated with near edge X-ray absorption fine structure spectros-
copy and X-ray photoemission spectroscopy also reveals that Pavezyum boron has 
amorphous structure. Mg11B2 bulks and multi-filamentary (12-filament) wires have 
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1 |  INTRODUCTION

Within the scope of the International Thermonuclear 
Experimental Reactor (ITER) project, Nb3Sn and NbTi su-
perconducting wires and cables are used as essential con-
stituents of the toroidal field and poloidal field (PF) coils 
to contain the deuterium-tritium (D-T) fusion plasma.1-3 
Nb-based low temperature superconductors have significant 
drawbacks. For long-term and steady-state operation of the 
D-T plasma fusion reactors, it is desirable that the super-
conducting magnet elements have low neutron activation.4,5 
The Nb-based superconductors, however, require a very long 
period for the radioactivity to decay and to cool down after 
neutron irradiation.6 Thus, this creates an additional problem 
for the maintenance and treatment of the radioactive wastes.6 
On the other hand, MgB2-based superconductors have a short 
decay time and are known as one of the most low activation 
superconducting materials.7 Furthermore, MgB2 supercon-
ductors have a higher operating temperature compared to the 
Nb-based superconductors.8

For the purpose of using MgB2-based superconducting mag-
nets in the fusion reactor, it is necessary to consider the prop-
erties of the boron precursor carefully, especially the nuclear 
properties. Natural boron is a mixture of two isotopes, boron-10 
(10B; 20%) and boron-11 (11B; 80%).9,10 10B has a very large 
neutron absorption (capture) cross-section and is usually used 
as a neutron absorber in nuclear power plants in the radiation 
shield or control rods.11,12 In the neutron flux, 10B is transformed 
to 7Li and He by a neutron reaction (10B + n, α → 7Li + 4He).13-

15 In contrast, the 11B isotope is stable with respect to neutron 
irradiation, lacking the (n, α) reaction, and can reduce nuclear 
heating.16-18 Thus, from the practical point of view, the appli-
cation of 11B based Mg11B2 superconductors is crucial in the 
neutron irradiation environment, there is a definite requirement 
of 11B to fully replace 10B.18 If the problem of 11B enrichment 
is solved to a practically acceptable degree, we believe that 

Mg11B2 superconductor is a promising candidate to replace the 
NbTi superconductors in the low field fusion magnets.

To further improve the superconducting and electronic 
properties, the quality and requirements of the starting B 
powders, such as purity, size distribution, and particle size, 
etc, need to be considered critically as they play an important 
role19-25 in determining the fundamental properties of MgB2. 
In this paper, we have analyzed the isotopic 11B powder and 
manufactured the low activation Mg11B2 bulk superconduc-
tor and multifilamentary (12-filament) wires using 11B-rich 
precursors to evaluate the properties which are important for 
application in superconducting magnets for fusion reactors. 
Apart from the control of the isotope composition, in the 
case of the powder precursors, we studied properties that are 
important for the reaction formation of Mg11B2, such as the 
chemical/crystal state, powder particle morphology, etc For 
the fabrication of Mg11B2 bulks, the major focus of this study 
is to control the phase purity and superconducting properties 
of the resultant product. We have characterized the critical 
current density (Jc) of Mg11B2 multifilament wire for the per-
formance evaluation of isotopic boron powder.

2 |  EXPERIMENTAL PROCEDURE

Three commercially available 11B powders were obtained 
from each company and used as boron sources: American 
Elements (A) 99%, Cambridge (C) 99%, and Pavezyum (P) 
>95.5%, where the numbers refer to the nominal chemical 
purity, while the isotope purity was examined independently.

The phase compositions of the 11B-rich powders were 
examined by high-resolution X-ray diffractometry (HR-
XRD; ATX-G) using Cu Kα radiation. The morphology of 
the powder particles was characterized by scanning electron 
microscopy (SEM; MERLIN, Carl Zeiss). The size distribu-
tion of the 11B powders was analyzed using a Mastersizer S 

been manufactured, sintered at different temperatures and characterized via the trans-
port critical current density. The wire with Pavezyum 11B shows three times higher 
current carrying capacity at a particular magnetic field compared to the wire using 
Cambridge 11B and hence, Pavezyum 11B boron has the potential for manufactur-
ing fusion grade Mg11B2 based magnets. The results of this study demonstrated that 
Boron powders with higher purity, smaller grain size and lower crystallinity are criti-
cal for improving the superconducting and electronic properties of Mg11B2 samples 
fabricated from the powder. Thus, the low-neutron-activation Mg11B2 is possibly an 
affordable and technically viable candidate to replace NbTi superconductors in the 
low field poloidal field and correction coils for the next-generation fusion reactors.
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(Malvern Instruments, UK). The isotope ratio of 10B to11B 
was examined using accelerator mass spectrometry (AMS) 
available at the Australian Nuclear Science and Technology 
Organization (ANSTO) on the basis of the AMS com-
plex ANTARES (Australian National Tandem for Applied 
Research) equipped with the HVEE 846 Cs sputtering nega-
tive ion source and injector magnet.26 The same isotope ratio 
was also determined through measurements of the neutron 
beam absorption in the powders using the KOWARI diffrac-
tometer in the neutron transmission (NT) mode.27 Near edge 
X-ray absorption fine structure (NEXAFS) measurements 
at the 10D X-ray absorption spectrometer (XAS)B/L at the 
Pohang Accelerator Laboratory (PAL) and X-ray photoelec-
tron spectroscopy (XPS; PHI 5000 Versa Probe (ULVAC 
PHI)) were introduced in order to investigate the chemical 
state of the 11B.

For the production of bulk Mg11B2 superconductors, the 
11B-rich powder was mixed with Mg powder (100-200 mesh, 
99%) in a molar ratio of Mg + 2B. After grinding properly 
in an agate mortar, the mixtures were pressed into cylindrical 
pellets (5 mm diameter and 2 mm thickness) under a pressure 
of 5 MPa using cold pressing equipment. The obtained pellets 
were sintered at 700 and 800°C under high purity argon flow 
(ramp rate: 5°C/min and dwell time of 1 hour). The phase 
composition of the thus-produced Mg11B2 superconductors 
was measured by X-ray diffraction (XRD, GBC-MMA) and 
dc magnetic susceptibility vs temperature was measured 
for determining the superconducting critical temperature of 
Mg11B2 bulk on a 9T physical properties measurement sys-
tem (PPMS, Quantum Design).

Multifilamentary (12-filament) Mg11B2 wires have been 
fabricated using (P) and (C) 11B powders. In this manufac-
turing process, the powder is dispensed into an iron tube with 
6 mm OD and 4 mm ID This tube with 11B has been drawn to 
reduce the diameter down. After drawing to the proper size, 
that is, 1.5 mm, these monofilaments are then stacked into 
12-subelement arrays inside an iron outer tube or sheath and 
then drawn to the final size.

The transport Jc values were measured as a function of 
applied magnetic field in a 9 T magnet at 4.2 K in a liquid 
helium He flow cryostat using a four-probe technique, with 
currents up to 250  A. The temperature was measured on 
a current lead positioned close to the sample. The voltage 
taps were 14 mm apart, and the voltage criterion used was 
0.1 μV cm−1. In some cases, the criterion of 1 μV cm−1 was 
used for comparison.

3 |  RESULTS AND DISCUSSION

The most critical property for nuclear applications, the iso-
tope content of 10B for the three 11B-rich powders, is shown in 
Table 1. In this work, we have measured the isotope content 

precisely and efficiently in boron powders for the first time 
with high accuracy cross-checking results using two inde-
pendent methods. The two methods used for determining the 
amount of 10B impurity are in general agreement, although the 
NT method has larger uncertainties related to the finite accu-
racy of the compaction density determination. The Cambridge 
11B (C) powder contains the largest amount of 10B, and the 
American Elements 11B (A) powder has the lowest 10B con-
tent, while the Pavezyum11B (P) powder is in the middle, 
with content between the C powder and the A powder. In all 
cases, the actual 11B purity was within the nominal 99%, while 
American Element powder was as pure as 99.4%.

Figure  1 presents the XRD patterns of the three differ-
ent 11B powders. All major diffraction peaks can be defined 

T A B L E  1  Isotope ratio and size distributions of American 
Elements 11B powder (A), Cambridge 11B powder (C), and Pavezyum 
11B powder (P)

Materials

Isotope 
composition, at % 
of 10B (AMS, NT)

Mean size

D [3, 2]a  (μm) D [4, 3]b  (μm)

American 
Elements

0.57 ± 0.02 57.2 ± 0.07 115.21 ± 0.14

0.40 ± 0.10

Cambridge 1.04 ± 0.04 21.74 ± 0.27 67.74 ± 0.84

0.90 ± 0.10

Pavezyum 0.74 ± 0.04 2.68 ± 0.03 23.47 ± 0.29

0.75 ± 0.10

Abbreviations: AMS, accelerator mass spectrometry; NT, neutron transmission 
mode.
aD [3, 2] = The volume/surface mean (also called the Sauter mean) diameter.31 
bD [4, 3] = The mean diameter over volume (also called the DeBroukere 
mean).32 

F I G U R E  1  HR-XRD patterns of American Elements (A), 
Cambridge (C), and Pavezyum (P) 11B-rich powders
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as β-rhombohedral boron (JCPDS: 31-0207).28 In the case 
of P, there is a significant peak broadening compared to A 
and C, and it has an impurity identified as hydrogen borate 
(H3(BO3)). β-rhombohedral phases have been formed in all 
powders but powder P has impurity defined as hydrogen bo-
rate. We assume that impurities are originated from the syn-
thesis procedures.

Peak broadening indicates that the P powder has the 
lowest crystallinity and the smallest crystallite domain size 
among three different 11B powders.29,30 The microstructure 
of the 11B powders is shown in Figure 2. As seen in the SEM 
images, the A and C powders are micrometer-sized powders 
with plate-shaped particles, while P powder has spherical 
shaped particles of sub-micrometer-size. The mean sizes for 
the three 11B-rich powders are shown in Table 1. The D [3, 
2] and D [4, 3] results (explained in Table 1) indicate that 
the A powder has the largest particle size, followed by the C 
powder, and the P powder has the smallest particle size. The 
particle size analysis results are consistent between the XRD 
results and the SEM observations.

The accurate chemical bonding and structure of the 11B 
powders were determined by NEXAFS and XPS. The B 
K-edge NEXAFS spectra of the 11B powders can be explained 
by s  +  pz (π* transitions) and px  +  py (σ* transitions).33,34 
The results found for the individual powders where the peaks 
as shown in Figure 3 have similar tendencies. The peak at 
191.8 eV in the NEXAFS spectra is derived from the typi-
cal B-B bonding of the elemental boron, and the sharp peak 
correlated with the bonding of metallic boron at 194.4 eV in 
the π* resonance region is indexed as the transition of B 1s 
electrons to the unoccupied B 2pz orbital.35,36 For the σ* res-
onance region, there is a significantly broad peak from 197 
to 207  eV revealed in P boron. Although 11B powders do 

not have significant structure in the σ* resonance region, it 
is suggested that 11B powder in P has an amorphous or low 
crystallite structure.37,38

Supplementary Information on the chemical bonding of 
these samples can be derived from core level X-ray pho-
toemission spectroscopy. Figure  4 presents the core level 
photoemission spectra for the three sorts of 11B powders. 
Three peaks are observed in all boron 1s signals, as shown 
in Figure 4A-C, which have peak positions of 187.1-187.2, 
188.4, and 191-192 eV.31 The two low-binding-energy groups, 
around 187 and 188 eV, are most likely from B-B bonds in 
the 11B powders.39,40 The weak signal peak (191-192 eV) is 

F I G U R E  2  SEM images of three 
different 11B powders: (A) American 
Elements 11B, (B) Cambridge 11B, and  
(C, D) Pavezyum 11B-rich powders

F I G U R E  3  Near edge X-ray absorption fine structure 
spectroscopy spectra across the boron K-edge absorption spectrum. 
Curve A is American Elements 11B, curve C is Cambridge 11B, and 
curve P is Pavezyum11B-rich powders
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involved with the oxidation of 11B or associated with the oxi-
dized 11B in the higher energy region.41

It has been reported that the properties of the boron powder 
as a starting precursor such as crystallinity, purity, and parti-
cle size distribution, significantly influence and determine the 
fundamental electromagnetic and superconducting properties 
of the reacted MgB2 products.42-45 In particular, the crystalline 
phase is believed to require high temperature for a full reaction 
between Mg and B, which decreases the superconducting cur-
rent paths. The same was confirmed in our characterization of 

the studied powders. Mg11B2 samples fabricated with powders 
C and A with strong evidence of crystallinity and plate-shaped 
large particle size resulted in resistive behavior even sintered at 
700 and 800°C [not shown here]. Therefore, the powder P with 
the smallest particle size and lower crystallinity was selected 
in order to improve the reaction rate and reduce the sintering 
temperature for the complete formation of Mg11B2.

46 The XRD 
analysis in Figure 5A shows that the main phase was Mg11B2, 
while MgO was also present as a second phase impurity in both 
bulk samples sintered at 700 and 800°C.

F I G U R E  4  Boron 1s core level XPS 
spectra of 11B powders: (A) American 
Elements 11B, (B) Cambridge 11B, and (C) 
Pavezyum11B-rich powders

F I G U R E  5  Characteristics of Mg11B2 bulk superconductor sintered at 700 and 800°C: (A) XRD results for HT 700°C and HT 800°C. The 
(hkl) labels show Mg11B2 reflections. (B) Temperature dependence of the zero-field-cooled demagnetizations at 100 Oe
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Mg11B2 bulk samples fabricated from 11B (P) sintered at 
two temperatures 700 and 800°C were used for the character-
ization of superconducting properties. Figure 5B shows the 
zero-field-cooled (ZFC) demagnetization results measured at 
100 Oe for the Mg11B2 samples as functions of temperature, 
with clear normal-superconducting transitions observed in all 
samples with critical temperature (Tc) values of 36.5 K (HT 
700°C sample) and 36.9 K (HT 800°C sample). Compared 
to the reported results,47 the lower Tc in the present samples 
could be possibly due to the presence of a small amount of 
MgO and other impurity phases.

However, the critical current density (Jc) is of the most 
importance in the performance characteristics of our Mg11B2 
wires. In our previous study,48,49,50 we synthesized Mg11B2 
using the same 11B (P) powder and systematically studied the 
sintering process and critical current density of low activa-
tion Mg11B2 superconductors in bulk and wire form. It is of 
interest to compare the achieved Jc in our samples with the 
best reported results.

Kim et al43 reported a comprehensive analysis on var-
ious sources of natural boron powders and compared the 
electronic and superconducting performance of mono- and 
multi-filament wires samples. MgB2 wire doped with malic 
acid made from amorphous, high purity and nano size nat-
ural boron showed the Jc as high as 2.5 × 104 A cm−2 at 
4.2 K and 10 T (tesla), even for a sintering temperature as 
low as 600°C. This performance is the best Jc reported so 
far in in situ processed wires. The undoped low activation 
Mg11B2 wires were recently manufactured by using the iso-
topic 11B (P) powder.49 The Jc value of this isotopic wire 
showed 2  ×  104  A  cm−2 at 4.2  K and 5  T which is rela-
tively lower than the Jc value (105 A cm−2 at 4.2 K and 5 T) 

for the natural boron based high activation undoped MgB2 
wire reported in the ref. 43.

In the comparison with the best examples of the high ac-
tivation MgB2 superconductors, our low activation isotopic 
Mg11B2-wires lack their performance in terms of Jc; however, 
several ways of the performance improvements are envisaged 
(especially low- and high-field Jc). From the viewpoint of op-
timizing processing costs and critical properties, it is evident 
that the boron precursor powder properties such as purity, 
phase and size are extremely important for the performance 
of the wire. In case of 11B powder the current production route 
(the Mosisson process using isotopic boric acid) determines 
the morphology of the 11B powder that appears to be inferior 
against the natural boron powder produced by gaseous dibo-
rane processing reported previously.51 With certain modifica-
tion of the 11B powder processing, for example, incorporating 
additional processing steps in order to achieve better purity, 
less crystallinity and smaller particle size, some significant 
performance improvements are expected. More improvements 
can be achieved through the use of the doping approach.

Figure 6 shows the transport Jc as a function of magnetic 
field of 12-filament MgB2 wires using the 11B powder sourced 
from Pavezyum (P) and Cambridge (C) at 4.2 K. The inset dis-
plays the cross-sectional orientation of the multi-filamentary 
wire just to show the structure and morphology of the wire 
filament. It has to be noted that the transport Jc measurements 
cannot be done at low field (<4.5 T) due to the limitation of 
current flow (250 A) into the probe, therefore high field results 
can be seen in Figure 6. Mg11B2 wire using (P) show higher Jc 
at 4.2 K compared to that for wire using (C). The steeper slope 
of Jc vs B is observed for (P) wires compared to that for (C) 
wires. The value of B(104) [where the field at which Jc reaches 
to 104 A/cm2] was enhanced from 4.5 to 5.5 T in P wire com-
pared to C wire which may be originated from smaller grain 
size of low crystalline 11B (P) powder and better grain connec-
tivity in multifilamentary MgB2 wire.

Thus, based on the results of the Mg11B2-based perfor-
mance using different sources, at least one powder, 11B (P), 
has enormous potential which demonstrated that the super-
conducting wires produced from it can provide typical su-
perconducting properties that can satisfy the requirements 
for critical temperature and current carrying capability with 
further possibilities for improvement.

4 |  CONCLUSIONS

Our analysis has demonstrated that all three of the 11B pow-
ders that we studied have the β-rhombohedral crystalline 
phase but slightly different 10B isotope content as an impu-
rity. The boron powder from Pavezyum has proved to have 
the most optimal combination of properties amongst the three 
suppliers of the precursor powder for production of Mg11B2 

F I G U R E  6  Transport Jc vs B for 12-filament MgB2 wire 
samples sintered at 800°C using 11B sourced from Pavezyum (P) and 
Cambridge (C) at 4.2 K. SEM image of the cross-sectional view of the 
12-filament Mg11B2 wire is shown in the inset
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bulk and 12-filament Mg11B2 wires: smallest particle size, 
the lowest crystallinity among the three 11B powders, and an 
acceptable 11B isotope purity of 99.25%. The wire using (P) 
shows three times higher Jc at particular magnetic field, that 
is, 5.5 T. This combination of properties resulted with in the 
formation of Mg11B2 superconductor media of better perfor-
mance, both magnetic and transport critical current density 
and critical temperature.

When considered in connection with practical manufac-
turing of superconducting wires and cables for possible use 
in future fusion reactors, with the current improvement of 
the performance, the Mg11B2-based superconducting wires 
proved their potential to be used in the next generation liq-
uid-helium-free superconducting fusion magnets (specifi-
cally in the low magnetic field coils, that is, PF and CC) to 
replace the more expensive, higher neutron activation, and 
lower operation temperature NbTi-based superconductors. In 
the view of steady progress in the area, the current study pro-
vides the first real demonstration and sets a reference point 
for Mg11B2-based superconducting wires.
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