WO 2010/ 054914PCT/ EP2009/ 063641 | nor gani ¢ Conpounds Background pri or

art 5 Magnesiumdi boride is a netallic chem cal conpound which has

the at present highest transition tenperature anong netallic
superconductors, nanely 39 K. The cooling necessary for

super condudV 20 1HO542 b be generated by nmeans of refri gerBETEP2009/063641
machi nes; cooling by neans of liquid heliumcan be dispensed with at

this relatively high transition te%er.a]bure. 10dVari ous processes for
prepari ng magnesi um di bori de ar .!—,\n?{ ¢ MOSRPP YR f)ri or art: Hanada et

al. J. Mater. Chem 18 (2008), 2611-2614, disclose a process for 15

prepari ng magnesi um di bori de by j tion of magnesium
borohydri de (My(BH4)2) under a h%?&u@ﬁﬁéﬁﬁgrggﬂ or various hydrogen

pressures. This study has the objective of exam ning nmagnesi um
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hydr ogen amtithis yalativély nghmeignstiontempetabuiede (MyB2) can be det ect ed
in the -ray diffraction analysis. 25 Chlopek et al. J. Mater. Chem
17 (2007), 3496-3503, describe a process for preparing magnesium
bor ohydr i d&/arioye BFgesseatar preparing rmagiasm dierigeeats lsrowh fram the prior

i ntention @ftusing this conpound as nmedium for the reversible storage
of hydrogen gas. As processes for the preparati on of magnesi um

bor ohydride 30 (My(BI-14)2), nention is nade of the netathesis

reacti on oHamegaetialrd. Aater.i Cieemi 18 (20081 261 b@6aly discideccr proedss for
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(Mg(BHa4)2) as material for the reversible storage of hydrogen for the purposes
of hydrogen storage technology. It was established that magnesium
20 borohydride (Mg(BH,)2) decomposes mainly in the range from 250 to 410°C
and with increasing temperature forms magnesium hydride (MgH.). After a
further temperature increase from 410 to 580°C, the magnesium hydride (MgH)
__likewise gives off hydrogen and crystalline magnesium diboride (MgB2) canbe
detected in the X-ray diffraction analysis.

Chlopek et al. J. Mater. Chem. 17 (2007), 3496-3503, describe a process for
preparing magnesium borohydride (Mg(BH4),) and its thermodynamic properties
with the intention of using this compound as medium for the reversible storage
of hydrogen gas. As processes for the preparation of magnesium borohydride
30 (Mg(BH.)2), mention is made of the metathesis reaction of magnesium chloride
with fithium borohydride or sodium borohydride. Furthermore, a direct synthesis
of Mg(BHa), from magnesium hydride and triethylamine-borane adduct is
mentioned. In the decomposition reaction of Mg(BH4). at temperatures of 450°C
and above, MgB; together with Mg and further unknown products were detected
35 by X-ray diffraction analysis.

US 2007/0286 787 A1 describes a process for preparing crystalline magnesium



35 by X-ray diffraction analysis. US 2007/0286 787 Al describes a
process for preparing crystalline magnesi um borohydride from
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DE 10 2004 014 315 A1 discloses a process for preparing boron-rich single-
crystal metal borides by means of a reaction melt having a particular
boron : metal ratio.
20
Magnesium diboride is also prepared in the prior art by the following process: a
mixture of elemental magnesium and elemental boron is prepared and
___subsequently subjected to a furnace process at temperatures of from 800°Cto
1200°C under argon as protective gas. This reaction is strongly exothermic. The
25 process has the disadvantage that it does not give pure magnesium diboride,
i.e. oxygen-free magnesium diboride, but owing to the high affinity of the mefals
magnesium and boron for oxygen always gives magnesium diboride containing
oxidic impurities which reduce the suitability as superconducting material. When
this process is carried out industrially, contamination of the magnesium diboride
30 with oxidic impurities is therefore virtually impossible to avoid. The oxidic
impurities cannot be removed by reduction with hydrogen since boron hydrides
would be formed from the elemental boron.

A further disadvantage of this process is that the magnesium diboride obtained
35 has a course (> 250 pym} and multimodal particle size distribution — a situation

which makes further use as powder filing material for MgB. superconductor

wires difficult. Owing to the highly exothermic nature of the reaction and the
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It is an object of the present invention to provide a particular quality of
magnesium diboride (MgB3) which can be used as superconducting material in
powder-filled wires or as magnesium diboride sintered bodies. The achievable

30 current carrying capacity of the components or wires comprising magnesium
diboride should also be as great as possible at high applied magnetic fields.
Furthermore, the achievable sinter activity of the magnesium diboride obtained
should be as great as possible even at low temperature. Finally, dopants should
be able to be introduced in a simple manner into the magnesium diboride. In the

35 case of doping by means of Si and C compounds, the dopants should be
present in very finely dispersed form in the MgB,, so that a “solid solution” is
effectively present.



The MgB2 qualities available in the prior art do not neet these
requi renents. 5 One problemin the production of superconducting
magnesi um di boride wires is the oxygen content of the nmagnesium
di boride. Magnesium di boride is sensitive to oxygen and noi sture. The

di sadvant ag¥Qu20 16084981 s property of negnesi um di bori de, RETHEHP26}9/063641

however, inherent in the chem cal nature of this conpound, is not

di sadvant ageous in the finished filled wire itself since the filling
material of 10 the wire is sealed fromair. Even if the greatest care
is taken in the preparati on oDeseriptdenwfithednventiohr om t he el enents
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sol vent. Exanples of radicals R are all Q/ radi cals having from1
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30 decomposed to give magnesium diboride (MgB.). There are two alternative
processes for the first step, the preparation of pure magnesium borohydride, in
which either a nonpolar solvent or a polar solvent is used.

In a first alternative process (a1), a magnesium alkyl of the general formula

35 MgR2 or a magnesium alkoxide of the general formula Mg{OR); is dissolved in a
nonpolar solvent. Examples of radicals R are all alkyl radicals having from 1to 5
carbon atoms, in particular: methyl, ethyl, propyl, isopropyl, butyl, isobutyl, sec-



15 and magnesi um hydroxi de (Mg(OH)2), do not go into solution because

of their polar character. The undi ssol ved constituents are separated
fromthe solution of the magnesi um al kyls or magnesi um al koxi des by a
known solid/liquid separation nmethod, for exanple by filtration or
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25 3MgR, + 4BoHg — 2BRs +3Mg(BHs): (1)
3 Mg(OR), + 4B,Hg — 2B(OR); +3 Mg(BHq)z (2)

The diborane B;Hg used is naturally free of oxygen and moisture since it reacts
with oxygen and moisture to form boron oxide and boric acids, respectively. The

30 reaction with diborane forms magnesium borohydride (Mg(BH4)z) which
precipitates as polar salt in these solvents. The boron organyles BR3 or boric
esters B(OR); which are at the same time formed in small amounts as by-
products are soluble in the nonpolar solvent because of their nonpolar nature.
This also applies to unreacted magnesium alkyls or magnesium alkoxides which

35 likewise remain in solution. Renewed phase separation, for example by
filtration, gives the pure magnesium borohydride (Mg(BH,).2) which is free of
oxidic impurities in the solid state. This can be used in the second step of
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the magpesium In all process steps, strict exclusion of oxygen and
moi sture has_to be ensured. 5 Furthernore, a step of
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sol vents. AtHart her advantage of the internmedi ate magnesi um
bor ohydride (My(Bhl142) is 20 that it is obtained with a soft
consi stency and a snmall particle size in the

Magnesium hydride is sensitive to oxygen and moisture. Commercial

magnesium hydride therefore always contains magnesium oxide (MgO) and/or
magnesium hydroxide (Mg(OH),). Nevertheless, magnesium hydride is used

together with the oxidic impurities in this step of the process of the invention.

25 Magnesium hydride is insoluble in the solvent mentioned and is slurried therein
for the purposes of the reaction. Gaseous diborane is subsequently passed
through the slurry of the magnesium hydride, forming magnesium borohydride
which dissolves in the donor solvent used.

30 A critical aspect is the fact that magnesium borohydride (Mg(BH4),) dissolves in
the solvents mentioned while the oxidic impurities such as MgO and Mg(OH),
and also boron oxide and boric acid are insoluble therein. This solubility
difference between the soluble magnesium borohydride (Mg(BH,4),) and the
insoluble oxidic impurities thus allows the oxidic by-products to be separated off

35 from the intermediate magnesium borohydride. In this variant (a2) too,
solid/liquid phase separation gives a solution of magnesium borohydride which
is free of oxidic impurities. The solvent is removed by evaporation to give a solid



preparation. Magnesi um borohydride forns a turbid suspension in

hept ane which settles only slowy. A fine particle size distribution

of the magnesi um bor ohydride can be concluded fromthis. It is
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mlling step for further reducing the particle size, is not

bt ned | SMERNEP OBy S FuiHIER dmBaaTt FURETS ArB AP HIGRES ae
di bori de ( MyEMesidielrt hlbprogegs istens, strivt éxclasioorafioxygen andembistiremasdo

reaction e%’%aéfi] - 130 My(BH4) 2MgB2 + 4 H2(4) The thernolysis of the
magnesi um bor 0 %??‘de (My(BH4) 2) is carried out at tenperatures in

the range from 250C to 1600C, preferably at a tenperature in 35 the

range from WSS, > I
car ?i ed %utéjgt?‘ggﬁ]te (raerlfpocggtgp uo}?@gr&@w{%ﬂld@#gﬁg@tnﬁ g%%n (% gs%g{g d/aKﬁB itrcr%ﬁ%ﬁoauust

to parti al (g aghigyedurtherpyrfication ghmagnssitme bprohysiride{Ma(Blriak). regardless
reacti vity of Qutiter tﬁ@ﬁﬁé@ﬁeéi@rp&icﬂﬁh?dmés}’b@é@ eépa'trﬁd ;ah@?m@h tcPfaridift
magnest um al por i cordln 0 e | nv 1 Qn a alt O e
Troeral [ i hid 8 bt e e anATa ing Raine os Intgs ot

t he magnesivariadi (@) de prepared according to the invention has a

hi gher sjnter activity than that prepared by the conventional
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t he for{gation reaction for this conpound (see reaction equation (3))
occurs. “As a consequence, magnesi um hydri de and di borane woul d be

obt ai ned adagnesiurpbefehydeider(bdgfBol:).) bas bieentfoendid peissparticafagnesi um
bor ohydri d 1 al ; I i X
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_borohydride can be concluded from this. It is difficult to determine a particle size.
distribution with exclusion of oxygen and moisture. A further after-treatment, for

25 instance a milling step for further reducing the particle size, is not necessary.

In a second step (b), the magnesium borohydride (Mg(BH,).) obtained is
subjected to thermal decomposition to form magnesium diboride (MgB;). The
thermolysis proceeds according to the following reaction equation:
30
Mg(BHi), — MgB, + 4H, (4)

The thermolysis of the magnesium borohydride (Mg(BH4),) is carried out at
temperatures in the range from 250°C to 1600°C, preferably at a temperature in
35 the range from 500°C to 1000°C. The thermolysis is particularly preferably
carried out at a temperature of from about 500°C to 600°C. An amorphous to
partially crystalline magnesium diboride is obtained. The reactivity toward



25 di sadvantage in terns of having an adverse effect in the
deconposi ti on of magnesi um bor ohydri de whi ch conmences only above
250C. Only hydrogen is fornmed as sol e by-product during the

t hernol ysis reaction. Thus, no oxygen which could lead to
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di bori de MgB2 obtai ned has a nononodal particle size distribution

with Do 15 pm preferably D100 10 pm 25 The nagnesi um di bori de
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25' dlsadvantage interms o havmg an adverse effect in the decomposition of

magnesium borohydride which commences only above 250°C.

Only hydrogen is formed as sole by-product during the thermolysis reaction.
Thus, no oxygen which could lead to contamination as a resuit of the formation

30 of oxidic impurities is formed during the thermolysis or participates in the
thermolysis reaction.

The hydrogen formed can, as gas, easily be separated off from the solid
magnesium diboride. Furthermore, no solvents or auxiliaries which coat the
35 surface of the magnesium diboride being formed and may thus ouigas and
impair the superconductivity of the magnesium diboride are used in this step.
Coating of the surface is avoided from the beginning in the process of the



30 diboride of the prior art (fromH C Starck) has no significant
proportion of anorphous magnesi um di bori de. Conpared to the virtually
exclusively crystalline magnesi um di boride of the prior art, the

magnesi um di bori de prepared according to the invention has the 35
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contamination as a result of abrasion. The magnesium diboride MgB; obtained
has a monomodal particle size distribution with Do <15 um, preferably
D10 <10 pm.

25 The magnesium diboride prepared according to the invention is amorphous or
partially crystalline. The amorphous or partially crystalline magnesium diboride
of the invention therefore has a proportion of crystalline material of not more
than 25% by weight, preferably not more than 15% by weight and particularly
preferably not more than 10% by weight. In contrast, the crystalline magnesium

30 diboride of the prior art (from H.C. Starck) has no significant proportion of
amorphous magnesium diboride.

Compared to the virtually exclusively crystalline magnesium diboride of the prior
art, the magnesium diboride prepared according to the invention has the

35 advantage of higher ductility. This materials property is important when powder-
filled wires filled with magnesium diboride are processed by drawing and rolling.
tn addition, the magnesium diboride prepared according to the invention has a



30 gases, which can be deconposed to formthe desired dopants during

the thernolysis process. The magnesi um di bori de of the invention can,

due to its high purity and its fine, honobgeneous particle size

di stribution, advantageously be enployed in 35 superconduction. Here,
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magnesi%m gﬁ@%dﬁ8%|%%%ﬁ€%§§%rg and subsequently drawing a wire.
The magnesi um di boride of the invention or the nmagnesi um di boride
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met al shea core magnesi u
propane and butane. Preference is given to using acetylene o

25 Various methylsilanes which on thermolysis give silicon carbide, possibly with
an excess of one element, are possible for doping with silicon carbide.
Examples of methylsilanes are tetramethylsilane (Si(CHs)4) and tetramethyl-
disilylene ((CH3),Si=Si(CHz),). Preference is given to using tetramethylsilane
(Si{CHas)4). Furthermore, it is possible to use further compounds, in particular

30 gases, which can be decomposed to form the desired dopants during the
thermolysis process.

The magnesium diboride of the invention can, due to its high purity and its fine,
homogeneous particle size distribution, advantageously be employed in

35 superconduction. Here, a metal wire containing a core of magnesium diboride is
used.
The conventional methods of wire manufacture place various demands on the



Claims 1. Anorphous or partially crystalline magnesi um di bori de,
characterized in that it has a proportion of crystalline material of

not nore than 25% by wei ght 5determ ned by X-ray powder diffraction.

2. Magnesi um di boride according to Claim1, characterized in that it

has an oxyd&#0 2W/es849bf not nore than 2000 ppm 10 3. MagRE€I/EP2009/063641
di boride according to Clalml or 2, characterized in that it has a

caval o 15anesidim UisSids Bhlebdipie Nidctenel np el Bivapb otichia wire
acc%r2 di 2? tcana}webltbrr@darnrascdn\teémtrﬂaﬁal wajnbg@lnnlcwir)gr angriese ogewnk%mar
reacted | n CRRoRpaRLrGETE e Ehen s lRoR) gt d ffotand then
(My(BH4) 2) canuimt@haatdreatmw to bengabiout aoheh‘écalyeaczttaqmmfdlmoe agde
separ at né@l?rﬁg? tf&\‘?n n%%lun'i?ditﬁ)gi’i% éHd‘éﬂ!)taI’rf"é’ \gﬁ‘é! P%g ré) m 1

to 5 car ativel magnesi um h
di bor ane (Blﬂ%’)esélﬂ'é w&%@mn a dipolar aprotic soI vent to form

nmagnesi um @?’a@m‘@hl@ﬁrgﬁ'@éﬁbi‘lbﬁ)of%ﬁbrbh@u@@@ﬁrd'aChlgﬁT?MnW li§ partictlar a
separ at ed 20 {:?S b} wqe{resr um bor otgaldrrde .S %tn% @ @e fide
2t mosphor | B 8 QUL IESR bABITOF PP BIeSSEN 5 da0ues ahduprid
prot ect i ve apdsalsd uesgimetallicingiwidessgok asaikali ipetdl ded alkaline earth metal
10 ions and also other metal ions, is required. Likewise, a low particle size and the
absence of oversize individual particles is demanded, since these individual
particles lead to rupture of the wire during drawing and impurities can result in a
lower current carrying capacity.
Furthermore, oversize individual particles ("oversize”) prevent complete
15 chemical reaction of the boron with magnesium to form magnesium diboride.
Conventional, commercially available boron is usually obtained by reduction of
boron trioxide with magnesium, so that there is a need for further purification of
the commercial boron in order to make further inexpensive production possible.
As an alternative, such a superconducting wire can be obtained by enclosing
20 the magnesium diboride in a metal sheath and subsequently drawing a wire.
The magnesium diboride of the invention or the magnesium diboride obtained
by the process of the invention is particularly suitable for this manufacturing

smail partlcle size, |t overcomes many dlsadvantages of the prior art.

25 The present invention therefore also provides a process for producing
superconducting wires having a metal sheath and a core of magnesium
diboride, wherein magnesium diboride according to the invention is provided,
enclosed in a metal sheath and subsequently converted into a wire having a
metal sheath and a core of magnesium diboride by wire drawing.



30 5. Process according to Claim4, wherein the magnesi um bor ohydri de
obtained in step (al) or (a2) is recrystallized froma dipol ar

aprotic solvent. 6. Process according to Caim4 or 5 wherein the
protective gas is adm xed in 35step (b) with a gas which during

t her nol ysi V21 3/654914lopi ng of the madBesi um di bori de wi PETHPROGR/063641
or siliconin the formof a solid solution. 7. Use of the magnesium

di boride according to any of Clains 1 to 3 for superconduction. 8.

Process for produci ng superconducting wires having a netal sheath and

a 5core of magnesi um di bori de, wherei €lamysesi um di bori de accordi ng
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nonpol ar sol vent to form magnesi um borohydride (My(BH4)2) and the
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4. Process for preparing magnesium diboride according to any of Claims 1 to
15 3, wherein

a1) magnesium alkyls (MgR2) or magnesium alkoxides (Mg(OR).) and di-
borane (B2Hg) are reacted in a nonpolar solvent to form magnesium
borohydride (Mg(BHa4)2) and the oxidic impurities and also the by-

20 products are separated off, where the radical R is an alkyl radical having
from 1 to 5 carbon atoms, or alternatively

_a2) magnesium hydride (MgH2) and diborane (B2He) are reacted in a dipolar

aprotic solvent to form magnesium borohydride (Mg(BH4);) and the
25 oxidic impurities are separated off, and

b) magnesium borohydride is decomposed at atmospheric pressure and
temperatures of from 250°C to 1600°C under a protective gas
atmosphere to give magnesium diboride.

30
5. Process according to Claim 4, wherein the magnesium borohydride
obtained in step (a1) or (a2) is recrystallized from a dipolar aprotic solvent.

6. Process according to Claim 4 or 5, wherein the protective gas is admixed in
35 step (b) with a gas which during thermolysis results in doping of the
magnesium diboride with carbon or silicon in the form of a solid solution.



gas at nosphere to gi ve nagnesi um di bori de, c) the magnesi um
di boride obtained is enclosed in a netal sheath and d) a wire having
a netal sheath and a core of magnesium di boride is obtained by wre

drawi ng. 25
WO 2010/054914 13 PCT/EP2009/063641

7. Use of the magnesium diboride according to any of Claims 1 to 3 for
superconduction.

8. Process for producing superconducting wires having a metal sheath and a
5 core of magnesium diboride, wherein magnesium diboride according to one
or more of Claims 1 to 6 is provided, enclosed in a metal sheath and
subsequently converted into a wire having a metal sheath and a core of
magnesium diboride by wire drawing.

10 9. Process according to Claim 8, wherein
a1) Magnesium alkyls (MgR2) or magnesium alkoxides (Mg(OR).) and di-
borane (B,Hg) are reacted in a nonpolar solvent to form magnesium
borohydride (Mg(BH4)2) and the oxidic impurities and also the by-
products are separated off, where the radical R is an alkyl radical having
15 from 1 to 5 carbon atoms, or alternatively
a2) magnesium hydride (MgH;) and diborane (B;Hs) are reacted in a dipolar
aprotic solvent to form magnesium borohydride (Mg(BH,)z) and the
oxidic impurities are separated off, and
b) the magnesium borohydride obtained is decomposed at atmospheric
20 pressure and temperatures of from 250°C to 1600°C under a protective
gas atmosphere to give magnesium diboride,
¢} the magnesium diboride obtained is enclosed in a metal sheath and

__d) awire having a metal sheath and a core of magnesium diborideis =

obtained by wire drawing.
25



