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Abstract

We successfully fabricated C-doped ex-situ MgB, wires using two different methods such as mechanical alloying (MA)
and combined process (CP) of in-situ and ex-situ. In the MA, the precursor powder was prepared with a mixture of MgB, and
1 at% C powders by planetary ball milling for 0-100 h. In the CP, on the other hand, C-doped MgB, powder was prepared
with Mg, B, and C powders by in-situ process via compaction, sintering, and crushing. The powders prepared by two
methods were loaded into Fe tube and then the assemblages were drawn by a conventional powder-in-tube technique.

The MA treatment of C-added MgB, decreased the particles/grains size and resulted in C-doping into MgB, after sintering,
improving the critical current density (J.) in high external magnetic field. For the C-doped MgB, wire by MA for 25 h, the J,
was 4.1 x 10° A/em*at 5 K and 6.4 T, which was 5.9 times higher than that of pure and untreated MgB, wire. The CP also
provided C-doping into MgB, and improved the J, in high magnetic field; the C-doped MgB, wire fabricated by CP exhibited
a I, being 2.3 times higher than that of the ex-situ wire used commercial MgB, powder at 5 K and 6.0 T (2.7 x 10* A/cm® vs.
1.2 x 10° A/em?).
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1. Introduction
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dHoez #2 dARET), 2 AUl
(coherence length) & 2}k o]AS 71x
Alz7b golstar, 1 vlgo] A FHo=
3 B2 #AS v itk 53], 39K dAL
2 Q3] AAFA(T, ~ 20.13 K)S ARE3 WzhA
gl A 8ol stk HolA NMR,
MRI magneto] 385+ 7|2 NbA A 23

Hl o -

EAE AT 4 e =22 AAAL U [2]

aeu @A R NbA =ATA] Hls) A
stof| Ao AAMFEE) E 4R AAAFE(H)
o] wob olo] tat Aol Bagt Agolch. ol
& EASS AN 99 Be A9t A
=, 271 s dis) olFda H7H3,
4], 3stA A2 [5], 71AA ] U 34 [6] 5=
ANSAL, 4 B4 8 47 FAe A s
dA2 4 [7] 5= 283k Sl

MgB, A= Uuta © 2 PIT(powder-in-tube)
oz AlzxEHed, AHE 27 drEd wt
in-situ = ex-situ 3O =2 HTh In-situ= B
L3R e Mgt B BE-S ARESH= HHH, ex-
situ= 7] FAE MgB, S AREST A4
Al AdaoR dxe LEsh B olFUs
o] Z%(doping)o] §olsttt, GA Al TAYsH=
Kirkendall &3}of ]3] Fo] U (core density)”}
stk whEo] FAe] 9 7] FAE MgB, &
we ApgelnE Addes o Wl En
1] &5 (sheath)2}o] ®H-g/Jo] Ao, HAxje]l
B AA A3t S 7HRER S&TH |
A HSES W, wr} fejat EYES A ()
a8 in-situ® A|ZE Ao v 2AY 7+
oA A(grain connectivity) FZ0 =2 Q13] A& o
2 o AAURELE molo], o|Fa] £
of mTHoIA Eato] A% slolHe] A& 1A
3] (flux pinning force)= 2t} [9].

et ® 2ol AWSE A olgs]
oA olFdLT7E =FE MgB, £H9 Alx
b RTEr B ApolAE Beel F A Y
= 5ol mabAel =PEARE A e C[10]
o] = H ex-situ®] MgB, AAE Al=3s}3lct. st

= 2% 1L oYAE 7ol 7IAA daF
(mechanical alloying, MA) 34 %-8&3}o] 7] &

e we N

|

‘dH(ex-situ) MgB, ol Co] =3 A& A=

SH. MAE 3L o|AE olgste] YA Ee=
AXRY ] 7|8 HAAF T, HAE AHE gt
AU dEEdEs &9 shedl 87 34
o= [11], FZ in-situ EE= ex-situ ZHO=

MgB, H3 gl gele] A= Al H&= Sl [8
[12]. & st insitu FH SR FH|GE Col
= MgB, 25 A3l exssitu®] MgB,
AAE Akl o2et in-situ B ex-situ®] &
FEHE olgstol C =3 MgB, HUS A=
g Arh R wp gled, B9 FuH) Al 34
F MgOof| eJsl] I(B) S5-d0] 23] Ashd AL
= B [5].
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I1. Experimental details

A= 3EALeR Co] &
= MgB, £&9 #H|, PITHE ©0]83l ex-situ
MgB, A4 A=, A(phase) 24 A AASA 2
AS e A= olFojReh WA PIT 34
AT BLY FH] dAoAME vEe F 7AW
o] A-&= A
(1) 99 at% MgB, FH(Alfa-Aesar, 325 mesh, 99 %)
T} 1 at% =379 C E2HHIBLACK® 50L,
5~30 nm, 99 %)9] E3ELT 5 mm ¥ 10
mm 279 WC Z55 Ar £97]04 U=
jaro] ¥i, /A% Ed(planetary ball
milling) ©]&3to] MA A Zslgct MA &
A& 0, 25, 100A]7F 5t dgstlon AlxH

o
(i
H
rir
1
ofl

Huro zkz}b 0, €25, C1000.5 HslgtHC
+ carbono] EHEE 2ulstH, Co= #4%
4ol obd AdwkAl =9% 4L 59
ZH3h. 2 o] & Al 12000910,
U Al B £ 175 mpmel itk 7]A A
gagh 4o avs vuddsh] s =
9F MgB, o] s 47]e) xom

MA #2|(0, 25, 100A]Zh3tH o o] EHs
o 7ZkzF PO, P25, P100C.E WHalrh (P
pristine/pure MgB,E 20|35}, PO= MAX ]
o1 oS Alfa-AesarAbo] H-2 oJn|gh).
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(2) Mg(Tangshan, 325 mesh, 99 %), B(Tangshan,
4~6 um, 95 %) ¥ Y719 C(71e &)
52 MgB,, G x=0 ¥ x=0.019] =4
o7 747y FHjsto] dubAQl Edd 34
ol ddstA =Fsian 47l SR
of thafl 200 MPa%] Y7+ A<= (cold isostatic
pressing)S A-§sto] JFAE A x3
900 °CollAl 1A1ZE &<t Ar E-9)7]9] A=
oA adA sttt 47 2Z2AEsS &
2} (crushing)d}al 200 mesh A& ©]-8-3}¢]
oAgE MgB, E3-& FH|sig o, o] B
52 ZZF CP-0, CP-0.012 "HHS}AHCP=
combined process, 03} 0.01-2 carbon®] $H7-F
& ojujgh. Eak, olejs FAHENE vlwel
7] 918 4713k PO Bake ARgslct

A719] HHE= FHE ex-situ®] MgB, +U=
212} Fe FE(217: 8 mm, W7: 5 mm)o] &<
b5, 9ol (swaging) B ¢I(drawing) 37
sto] 2 A4 1.4 mmo] AA|E A|=sh
ATk 24FHE 1000 °ColAl 1AIZF F<t Ar &
719 W= WellA =3skith. MgB, A4 =
ofo] that AF HH W ol4F EAoE Bhlel]
8l Cu K, HARS o]&sto] X-A IHEA4(DS
Discover, Bruker AXS)S 3}% oW, AXAISE A
AFst7] 93l 2] EWll E ¥ (Rietveld method)S WlEF
O & 3t EVA" ZRIHE o83tk AAHRF
W= (J.)+= MPMS(magnetic properties measurement
system)E ©]-83ko] 0~6.5 TO A sfolA 5 K
9 20 Kol A 9] A}SHmagnetization) ZA1S S4J5H
%~ Bean’s models -85t A4bstict. 2ha}=
A2 MgB, XX Al(core)S EAFAIZIA] 7]
9ol HEAS AAGA ke Az ZAsiAo
W 2H= Ao A7|(HHAE; r=0.049 ecm, ZoJ; 1
=03 cm)E du|Fog =A3sle] A/(J.= 3AM/2r,
AM = 10m/nr’l, m; ZAH7|RHE)ol| thelatelct. E
gt 20 mTslof|A] &=F7tol| wE A=A &
Aslo] A HEAAAIEOl 10%Y o 2xE
PALE(T)Z A

II1. Results and discussion

HI-L 7|A% &g33t 3FMA)YE ©83 C =3
= ex-situ MgB, A1A] A=

Fig. 122 0~100A17F E<F MA AHej® <43
MgB, &3 MgB,et Co EdiUsEs AxH
MgB, A&} oo tfgt X-A I|d=gS ehd
ok 2= AJHES MgB,2 4 (primary phase)}
2TF0] MgB, W MgO9] o]Ak(secondary phase)=
Haow, s AAEHA &2 g5z 49
ol Fe7} #&= et MgB, d MgO&} g o]
&2 1000 °ColA 8] FA g 5t MgBy7h F&
oz Hsl(decomposition)E o] FAAEH Ho=
AbRE T} [13]. P25, €25, P100 2 C1002] %%,
Aoz Poet Coof Hls MgO9] #&o°] &
Aow W|aEEH, ol 1L oA MA ¥4
et 9" jarjo] ZRE] Sle 024 ¥hE
ofs FAHH Aoz oAAXI

M= o] R7FE(FWHM)O] MA 3-7gof ofsf
S7Fe Ao] A= Gl=T, Table 10 2} Alsd=o]
ozt (110) 2 (002) peak®] WH7bEg Upef QiTh
MA A 2J5t2] ¢k AJH(PO, CO)ollA] CO H7h=
HE7FE 0] Wste] Ao FFgFS FA ¥ AoR
SRRl Glek. MA 378 9) Alxto] F7tgke] wet vE
74Eo| F7kehs Aol Uy, o= MA ¥4
o] MgB,9] A4 E= AAHY A5 ARA

= | +: MgB: v: MgO #: Fe
g ) 28s
X+ =~ ¥ e
P100 #
A W o —

Normalized Intensity [a.u.]
@)
b
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20 [deg.]

Fig. 1. XRD patterns of the MgB, wire cores after sintering.
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Table 1. Processing conditions, structural and critical properties of all the samples.

FWHM [°]

Lattice constant [A]

Sample Processing conditions
(110)

(002)

a-axis

c-axis

PO Pure/ MA for Oh 0.34
Co 1at% C/MA for Oh 0.36
P25 Pure/MA for 25h 0.40
C25 lat% C/MA for 25h 0.46
P100 Pure/MA for 100h 0.48
C100 lat% C/MA for 100h 0.62

0.36
0.36
0.38
0.36
0.50
0.50

3.085
3.085
3.085
3.082
3.087
3.081

3.524
3.522
3.527
3.528
3.526
3.532

= Zo=® woHET [14]. 2ol Co] H7bH
U3t A|7Fe® MA X 2|3t P-series

ABE 3 0029 WEES wskA gk u

#,(110)9] ¥HEe SR 2S o 4 gk

I X9l MA 54 &3 ex-situ MgB, A
AolAl ¢ =Y ARE 1) 93] A4S
v gl ®orth Table 1o Urebdl HEe} o], Co]
HA7Fe A 2 AlHoA= MA A2 s as
0 o] AxpaTt Ao Wk gL 23
7kt o, Col H7kd AlEEY Aedde &
AAZro] S| wek aso] Akl cHE
Z7lsHe Ae wolnh YiHeR Mg, 9
B ztg]of Co] X|ghd A9, asE $F8L, oS
Aol Wl AU [15] vk A sh= [16] B
& welth TeuR PR ARl dstey
g MA 343 FA2 374 osi Co Z=3o]
gyAog dojtk Aog . Senkowicz et
al[17]0] AXG AL viEgoR C vy Aw
s Aitsl 2 Ay, 25 % Cl009 A,
MgB,Cy A4 22 x=0.012 2 x=0.020%1
Ao TIF YT,

Fig. 2= MgB, AAjo] st MPMS(magnetic
properties measurement system) S A1E Hol&
t}. Fig. 2(a) % Table 104 & 4= Ql%0], Co J
R MA He 22 dALETIE FAAR
o, AALEY Ho]ZE(AT; onset 10%~90%)=
F7MAAE olefst Wske C A7k % MA A
of oJst ZAx}HE(lattice distortion)T} A= AFE
2o 74 mEel Aoz ARHEC [18]. =3,
MA BAAZt] ZFE4E oldd AR ©S

FEHAH

)

p
lo it
b &

Normalized magnetic moment [a.u.]

Critical current density [A/cmz]

Fig. 2. (a) Temperature dependence of magnetic moment
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and (b) field dependence of J, for the MgB, wires.

Fig. 2(b)= SK B 20 KoM 9] <] 7Apato] gt
ARNFHEI)Y 2E4de HoEth 5 KofA
CO2 POo] w]sf A stollA <] Jgkol FAEU




Mechanical Alloying and Combined Process of in-situ and.... 83

o, R STt wE ). HaE, =
P agt Aoz sIEinh o= ARkl
9% Ao oJsf Y==7]|(5~30 nm)e] C ¢
50| MgB, A|H W #dstA &Exsto] A
Sholl Al A& 1142 (flux pinning centers) O 2 &)

=
=
[e)

A

g3 Aoz FZH} [19]. MA FRAIZto] 27}
ool whe J.o A ojEAgel Hasklrh &, S

Kof|Al P259] 79~ PO 3343} 3.8 TollA] wLa}s}w
6.4 T A 1.6 x 10° A/lem*S Ho] P0(6.9 x 107
Alem?®)o]] B|3] oF 2.3 =t} P1002] Z-9-L P25
of Hls 1~6.2 TO] HeJoA & Jgts ol
6.4 TOJ A 1.8 x 10° A/lem* 2 A3} T}

Col H7ieal MA A7 AHES(C25 2
C100)9] o= P25 2 P100°] H|sl <F =}
ol gtk 1.9 oj&Adol H& FAskqith 5 Ko
A C25= P25 A 4 ToA wAkstH 6.4 Tof
A 4.1 x 10° A/lem’E, C1002 P100 A3} 4.6 T
oA waFalH 6.4 ToJA 3.2 x 10° Alem*S 714
POof| wlsf Z}z} 5.9vf W 4.6vf =2 I G
Atk olEgt I AsS MA FAo o3t 4
7] A, AXHE 9 C =39 2FH |
ofs A stoll A9 Ak iy glo] FtE
B2 AR 20 KoM & 5 KofAel f-ARRE T,
AL Bt} webA], ex-situ MgB, o]
Co H7F W MA $4& 3 A sfoll A 9] .

- 1=
X gl ERHYS & 5 9

w B oox

A ot lo jo 2 ot f

5

II-II. In-situ ¥ ex-situl] E34FAS E3 C =
38 MgB, AR A=
Fig. 32 in-situ 3A& &3
MgB,(CP-0) 51t 9l C =3 E MgB,(CP-0.01) &
T} Alfa-AesarAte] MgB, &Z(P0)S AHE-51o]
A zH MgB, AA Fojof thgt X-4A 3dEA4
AiIE HoETh BE A|HES FACE MgB,
e 7HAIH, oo m AgFo] MgBy, MgO, Fes
Bk CP-02} CP-0.010] POof H|3| Atz o =
MgO2e] E&o] & ACeE ==, £UE
of thet X-A ™A A3, in-situ FHS 53
ZH| ¥ MgB, E2HCP-0, CP-0.01)©] Alfa-AesarA}
o] MgB, & (P0)o] H|sl| HiA o= e MgO
7F 24 Aoz gl qlct o]2g MgO &4

g +: MgB4 v: MgO #: Fe

~
[
(=3
S
=

~
—
—
—
'

Normalized Intensity [a.u.]

A%, A seld A% mAFHom

Ao geiA glek 201
7} AR sofoll g AX4Le] WskE Fig
o Lebthglet. POZF CP-0 Zhel a% 3
AAE A Hpol7h giglonk, CP-0.019] %<,
% ANASE FAST oF ARASE 71
rol, ol

i

=5

F& Wt Part [ 4 7]k vief o], o

ool

732 MgBW| BAtE]of|e] C 2|3 wij&el A
= gk (110) peak] HIZFES CP-09}
P-0.019] 7% ZFZF 0.50°, 0.54°2Z 4] P0(0.34°)}%.
o 2 3= UErSleh el oith iz &
443}, PO, CP-0 ¥ CP-0.01 B&Eo| Z+7 H+
88.91 um, 25.72 um ¥ 20.55 ym&] FA7|E Zt&=
Ao Felsgiow, o Are CPog)
CP-0.01 23 Ful A Huko] Eajtelel ojgt
Aom AmHth 42 27 34T A4 A
Zolut Al 241 4% (abnormal grain
growth) So] WA5}x] okglttd CP-02} CP-0.01
Aol A" =717F PO Aol wlsf iAo
2 Be Aew zams ¥5 449 2718
yelolA #washr] fg TEM A7 a4tEr.

Fig. 5= MgB, AAol| izt MPMS S447=

o o o,
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Fig. 4. Changes of lattice constants of the samples.
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*1 7|t kel
; AEo] zpoloA 7]
AE Ao A}E%EP.
5 K 9 20 Koj|Aje] o2 o tigt J, o4
Fig. 5(b)oll YehSlet. 5 KojlA P02t CP-0
A sloll A FARRE I AsE HGo 4 T o4
o4 CP-0°] 2 © =2 7 UeEict o]

XRD EA oA oG35t vle} Zo] AAYH =7
E= MgO & XMOﬂ w2 AP shof| A o] xp<
A3 zlo] wjEel Aoz FuiEch CP-0.012
oj=gt Aot Eﬂgﬂ C =of o3t AAs 9
S7HE A spollA o) A AgRle] STt
e} J o] oj&Ado] H& fAaE AoRE Hojxlr
5 K, 6.0 TOA] CP-0.019] J 2= 2.7 x 10> A/lem*=
P09] J (1.2 x 10° A/em?) 2T} oF 2.3u =9kt o]
3l in-situ 2 ex-situe] &3 TAHOEZ ARE C
o] =% MgB, A= C =3 FS 2H5HA
U PIT 34 Al Mg E29] A7t Sl 249
el AZAAS F7MAIXITHE [21] 2L & sfofl A
o . 54 U AL & A& AR Alm

g},

N, o

I‘II‘

H

E
%

IV. Conclusions

r

TFolA= oo F 7] S 9 C
ex-situ®] MgB, AA|E A| x5}
o] = X/\ﬂ §];<41:1A4 7&’!_(?4_ 374
Brlstch WA, 7] A
ol ozt MA Az] 9 i?:i T4 MgB,
ol ofgt AAHE-E fEs
Ao ZiTh ol Wt Tz 7
}6}‘“01% QA 1‘41?‘& J. o=
A Bhol| A 9] J= FFEIT 5
K 2 6.4 To W C25%= P0(6.9 x 102A/c 2ol v
oF 598 =2 4.1 x 10°A/lem’?] J.& H YT}
202 in-situ ¥ ex-situ®] E3F AL MgB,

Eff}g'rﬂoﬁlﬂ "
o % rE ofl [
””& e oy - rin
mlmmm o5 =
T

olN

(e}

)
B
ol
2

[

H

Az Yol C& dgstA =FAIF o, MgO9]
& 715 7HAgTE ololl wet T AsheEaL

AT= S7hstl oy, Aol digh J. o&A
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o] Faro] 1L A stofA =2 IE YUERS
th CP-0.019] A%, 5 K U 6.0 T4 2.7 x 10°
Alem’e] J.& Hgom, o] PO (1.2 x 10° A/em?)
of Hls oF 2.3uf =ttt
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