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Formation of Higher Borides During High-Pressure
Synthesis and Sintering of Magnesium Diboride
and Their Positive Effect on Pinning
and Critical Current Density
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Harald W. Weber, Michael Eisterer, Jacques Noudem, and Ulrich Dittrich

Abstract—Critical current density (j.) of high-pressure (2
GPa) manufactured MgB,-based superconductors depends
on the amount and distribution of higher borides (MgB,,) in
MgB, matrix, which in turn are determined by the nature of the
initial components first of all B or MgB,, and the temperature
of sintering or synthesis. Ti and Ta additions can improve j. by
promoting the higher boride formation via impurity hydrogen
absorption, thus preventing MgH., detrimental for j. being
formed, which possibly increases the MigB,, nucleation barrier.
SiC (0.2-0.8 pm) addition increases j. of MgB,, allowing us
to get j. = 10° A/cm2 at 20 K in the 1 T field: pinning is
increased by SiC and higher boride grains and there is no notable
interaction between SiC and MgB,,. As the synthesis temperature
increases from 800 to 1050°C, Ti and SiC additions may affect the
oxygen segregation and formation of Mg-B-O inclusions enriched
with oxygen as compared to the amount of oxygen in the MgB,,
matrix, which can also promote an increase in pinning. Materials
high-pressure synthesized from Mg and B taken in 1:4, 1:6, 1:7,
1:8, 1:10, 1:12, 1:20 ratios were superconductive with T . of about
37 K. High j. (7 - 10* — 2 - 10* A/cm? in zero field at 10-30
K, respectively) showed materials with the matrix composition
near MgB,, stoichiometry, they have doubled microhardness of
MgB,.

Index Terms—Boron compounds, magnetic variable measure-
ment, pressure effects, superconducting material growth.
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I. INTRODUCTION

NTEREST in the MgB,-based materials can be explained

by comparatively simple and cheap preparation technique
and the intensive development of technologies that use liquid
hydrogen. Preparation of the materials under pressure can sur-
pass the evaporation of Mg and allows getting a dense structure
with high j. and mechanical characteristics. High coherence
length (1.6-12 nm) of MgB, permits high j. in polycrystalline
material and grain boundaries can serve as pinning centers. The
pinning in MgB, can be increased by chemical alloying with Ti,
Zr, SiC, etc. According to the conception proposed in [1]-[3],
when Ti or Zr is added, the pinning can be increased due to the
formation of nanosized TiB, or ZrB, grains and in the case of
nano-SiC adding due to the presence of SiC grains and co-sub-
stitution of Si and C in crystal lattice. It was shown [4] that
pinning centers in MgB, can be MgB,__ O precipitates larger
than 10 nm. We have found that additions of Ta, Ti, Zr can im-
prove pining in high pressure (2 GPa) and temperature (HP-HT)
synthesized MgB, [5]-[7], but the mechanism of their effect
was different from that proposed in [2], [3]: their presence pro-
voked an increase in the structure of inclusions with near MgB,
stoichiometry [8], [9]. The higher is the amount of these inclu-
sions, the finer they are, and more homogeneously distributed,
the higher is the j. [10]. Up to now our attempts to improve
Jec of HP-HT-synthesized MgB, by adding SiC with grains of
sizes 20-30 and 200—400 nm were unsuccessful: j. at 10-35 K
decreased or remained unchanged [11]. Here our new results of
complex study of HP-HT manufacturing of MgB, and higher
borides using several types of initial boron and MgB, powders
with and without adding of SiC (200-800 nm), Ti, and Ta, and
the regularities of variations of j. and pining are discussed.

II. EXPERIMENTAL

In the experiments on synthesis, metallic Mg chips (tech-
nical specifications 48-10-93-88) and amorphous B (Type
I—1.9% oxygen (O), 1.4 pm, Type I—1.5% O, 4 um, Type
I—1 pm, 95-97% purity, 1.6-1.7% O, 0.8-0.84 pm, and
Type IV—0.66% O, < 5 pm; Types I, II, IV—H.C. Starck,
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Fig. 1. Structures obtained by SEM (BSI—backscattering electron image) of MgB, -based materials synthesized from Mg and B at 2 GPa, for 1 h: (a), (b)—from
B(I1I) at 800° C without and with 10% Ti, respectively; (d), (e)—from B(II) at 1050°C without and with 10% Ti, respectively; (f), (g)—from B(IV) at 1050°C
with 10% SiC, (Fig. 1(g) shows enlarged region A of Fig. 1(f), where there are no SiC inclusions); (c), (h)—X-ray patterns of the materials shown in Figs. 1(e),
1(f), and 1(g), respectively; (i) dependencies of j. on the external magnetic fields, ., H, at 20 K for the materials synthesized at 2 GPa for 1 h from magnesium and
boron B(II) taken in the ratio Mg:B and synthesized at T's: curves 1-1:12, T's = 1200°C, curve 2-1:10 Ts = 1200°C, curve 3-1:8, Ts = 1200°C, curve 4-1:6,
Ts = 1200°C, curve 5-1:4, Ts = 1200°C, curve 6-1:12, T, = 800°C, curve 7-1:20, T, = 1200°C; (j, k)—characteristics of the material HP-HT-synthesized
from Mg : B(IT) = 1 : 8 at 2 GPa, 1200°C for 1 h: j. vs o H (j); imaginary (x'’) and real (x’) part of the ac susceptibility (magnetic moment) vs temperature,
T, measured in ac magnetic field with 30 ¢'T' amplitude which varied with a frequency of 33 Hz (k).

Type III—MaTeck) have been taken in the stoichiometric
ratio of MgB,. In the experiments on sintering MgB, of Type
I—H.S. Starck, 0.8% O, 10 um and Type I[I—Alfa Aesar, 98%
purity were used. A powder of Ti (30 pm, purity 95%), Ta
(0.8-3.3 pm, Ta-207417061 H.C. Starck) or SiC (200-800
nm, SiC-28492000, H.C. Starck) has been added to the MgB,
stoichiometric mixture of Mg and B in amounts of 10 wt%.
The X-ray study of the initial Mg, Ti, Ta, and B showed no im-
purity phases with hydrogen (the method accuracy being about
3-5%). To study the synthesis of higher borides, the mixtures

of Mg and Type II boron were prepared in 1:4, 1:6, 1:7, 1:8,
1:10, 1:12, 1:20 ratios. We mixed and milled the components
in a high-speed activator with steel balls for 1-3 min and then
compacted into tablets (all in the Ar atmosphere). The high
pressure (2—4 GPa)—high temperature (Ts = 700 — 1400°C)
conditions for 1 h were created in the recessed-anvil type
high-pressure apparatuses (HPA) described elsewhere [8]. The
structure of the materials was studied using X-ray diffraction
and SEM. All 5. data were estimated using samples about 3 mm
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Fig. 2. Dependencies of critical current densities, j., on the external magnetic fields, p,H, at temperatures of 10, 20, 25, 30, 33 and 35 K for the materials
synthesized at 2 GPa for 1 h from magnesium and boron B(I)—(a), (b), (d), (e), (g) or B(IV)—(c), (f) without additions: (a) at 800°C, (b), (c) at 1050°C and
with additions: (d) at 800°C with 10% Ta, (e) at 1050°C with 10% Ti, (f) at 1050°C with 10% SiC, (g) at 800° C with 10% Ti; (h, i)—dependencies of pinning
force (F),) on the flux density measured at 20 K for the materials synthesized at 2 GPa for 1 h from magnesium and boron B(I)-(h) and B(IV)-(i), without and
with additions, curves 1—at 800° C without additions, curves 2—at 1050°C without additions, curves 3—at 800° C with 10% SiC, curves 4—at 1050°C, with
10% of SiC, curves 5—at 800°C with 10% Ti, curves 6—at 1050°C with 10% Ti, curves 7—at 800°C with 10% Ta.

in diameter, Oxford Instruments 3001 vibrating magnetometer
and Bean’s model.

III. RESULTS AND DISCUSSIONS

Here we report the data for the initial 4 types of B and 2 types
of MgB,. But in our studies of the MgB,, preparation at 2 GPa
in Tg = 700 — 1100°C range (with a 50°C step) 7 types of
amorphous B and 8 types of MgB, powders (with 0.8 to 10 pm
grains) with and without Ti, Ta, Zr and SiC adding were used,
which allowed us to make the following conclusions. Supercon-
ducting (SC) properties of MgB,-based material are largely de-
termined by the quality of initial B or MgB,. The average size of
grains in the consolidated materials (estimated from the X-ray
study) ranged from 15 to 37 nm. No correlations was found
between the amount of oxygen in initial boron (0.66-3.5 wt%
0) or MgB,, (0.8-3.5 wt% O) and its amount in the HP-syn-
thesized (7-15 wt% O) or sintered (4-9 wt% O) materials as
well as the correlations with the material j.. [9]. Usually SC
properties of MgB,-materials synthesized from B and Mg are
higher than that of the sintered from previously prepared MgB,.
With MaTec boron and Alfa Aesar MgB,, we could not increase
the synthesis or sintering temperature above 950-1000°C, be-
cause the resultant materials were not SC, the optimal SC prop-
erties were exhibited by materials produced at 800-900°C. With

the use of the H.C. Starck powders, the optimal SC proper-
ties in many cases were obtained in materials manufactured at
about 1050°C. Practically for all types of H.C. Starck MgB,
powders, sintering below 1000°C results in non-SC behavior
down to 4 K (it is likely due to the absence of percolation). But
when we used H.C. Starck boron, materials synthesized in the
700-1100°C range were SC and the highest j. for the majority
of boron types were obtained after synthesis at 1050°C, and
only for two types B at 800°C. Usually materials synthesized
at 800°C had higher j. in higher fields (at 10-35 K) than those
produced at 1050°C (Figs. 1(a) and 1(b)). The SEM structural
study of the HP-HT-produced materials showed a correlation
between j. and the amount (Table I), size and distribution of in-
clusions (black in a SEM composition image) with near MgB,
stoichiometry (Fig. 1(a)). We cannot detect MgB,, by X-ray. It
is known [12] that MgB,, reflexes can be absent in the X-ray
pattern due to poor diffracted signals because of the low X-ray
atomic scattering factor of boron, besides, MgB , inclusions are
dispersed in MgB,, the etalon X-ray pattern of MgB, , is absent
in the database and the literature data are contradictive.

Ti and Ta additions can increase j. and pinning force (F},).
Compare Figs. 2(d), 2(e), and 2(g) and Figs. 2(a), 2(b); in
Fig. 2(h) curves 1 with 5 (Ti), 7 (Ta) and curve 2 with 6 (Ti);
in Fig. 2(i) curve 1 with 5 (Ti); data in Table I for materials
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TABLE I
CRITICAL CURRENT DENSITY, j., VS. RELATIVE AMOUNT, N, OF “BLACK
INCLUSIONS” WITH NEAR MgB,, STOICHIOMETRY

Type of , . Nameof
the initial Manufacturing parameters: addltlpn, IT . at N,
B or pressure, P temperature, T, and its 20K %
MgB, holding time, T, amognt, KA /em?
wt. %
MgB,(I)  P=2 GPa, T=1000 °C, ==1h without 52 1.8
MgB, (II)  P=2 GPa, T=900 °C, t=1h without 7.8 2.6
B(I) P=2 GPa, T=800 °C, =1h without 80 10.5
B(II) P=2 GPa, T=900 °C, ==1h without 62 95
B(I) P=2 GPa, T=1000 °C, t=1h without 240 12
B(II) P=2 GPa, T=800 °C, =1h without 520 19
B(III) P=2 GPa, T=800 °C, 1=1h Ta, 2% 90 10
B(IID) P=2 GPa, T=800 °C, ==1h Ta, 10% 310 12.5
B(II) P=2 GPa, T=800 °C, 1==1h Ti, 2% 95 10.7
B(II) P=2 GPa, T=800 °C, 1=1h Ti, 10% 360 14

2The amount of the “black” inclusions, [V, was calculated as a ratio of the
area occupied by the “black” inclusions at the COMPO image obtained at
1600x magnification to the total area of this image.

prepared from B(III). There were found no diffusion of Ti
or Ta into MgB, under 2-3 GPa at 700-1100°C and the
inclusions of phases contained Ti or Ta are rather big and
randomly distributed to be pinning centers by themselves
(Figs. 1(b) and 1(e)), but the presence of Ti or Ta causes an
increase of the amount of inclusions with near MgB,, sto-
ichiometry. Ta and Ti transform into hydrides by adsorbing
impurity hydrogen (which may come from the high-pressure
cell materials), thus preventing the MgH, formation harmful
for jo [5], [6]. The formation of TiH g24 only at 800°C, 2
GPa was confirmed by TEM and NanoSIMS ion mapping [13].
MgH, may increase the nucleation barrier of MgB, , restricting
its formation, but this calls for further study. Why Ti adding to
B(IV) and Mg decreases F, after synthesis at 1050°C (Fig. 1(h)
curve 6) is still the open question.

At higher Tg (1050°C) Ti forms hydrides and borides
(Fig. 1(c)) and promotes the segregation of oxygen into
Mg-B-O inclusions enriched with oxygen as compared to its
amount in MgB, (or Mg-B-O matrix) and looks brighter in BSI,
Fig. 1(e). In the matrix (in sites with low density of Mg-B-O
inclusions) the average amount of oxygen was about 5 wt %,
while at Tg = 800°C when no segregation was observed it was
about 8%. At higher Tg hydrogen evaporated, MgB,, grains
became smaller and more homogeneously distributed (insert
in Fig. 1(d)). In parallel the formation of Mg-B-O inclusions
occurs, which can promote an increase of pinning and j...

We succeeded in increasing j. of MgB, at 10-25 K adding
200-800 nm SiC and got highest j. using BAV) (Fig. 1(f)):
> 106 A/em® up to 2 and 1 T and > 10° A/cm” up to 5
and 3.5 T at 10 and 20 K, respectively. The material structure
(Figs. 2(f)-2(h)) contains SiC grains, higher borides (MgB;5)
and Mg-B-O inclusions, which can be relevant pinning centers.
With addition of 20-30 nm and 200-400 nm SiC Mg,Si was
formed: the higher was the amount of Mg, Si the lower was j.
[11], especially at 25-35 K (that can be due to carbon penetra-
tion into MgB, lattice promoting T decrease). The reactivity
of SiC with coarser grains seemed to be lower and no notable
interaction of SiC and MgB, (Fig. 2(h)) was observed.
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HP-HT synthesized materials from Mg and B(II) taken in
1:4, 1:6, 1:7, 1:8, 1:10, 1:12, 1:20 ratios were superconductive
(Figs. 1(1), 1(j), and 1(k)) with transition temperature, T about
37 K. The high j. was shown by materials with near MgB,,
composition of matrix, e.g., prepared from 1:8 or 1:20 mixtures
(at 2 GPa, 1200°C, 1 h). Their Vickers microhardness (Hy ) was
twice as high as that of MgB, (25 + 1.1 GPa and 12.1 + 0.8
GPa, respectively, at a load of 4.9 N)

IV. CONCLUSION

Inclusions of higher borides can be pinning centers in MgB,,
additions of Ta and Ti promote the formation of MgB,, inclu-
sions. At higher synthesis temperatures Ti and SiC seems to con-
tribute to the formation of Mg-B-O inclusions (relevant pinning
centers). SiC increases j. of HP-HT synthesized MgB, when
there is no notable interaction of SiC and MgB, (the pinning
centers can be SiC, Mg-B-O and MgB,, inclusions).
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