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Mechanical Properties of Polycrystalline MgB, Bulk

Tetsuya OHASHI ™', Satoshi HATA™, Ken-ichi IKEDA *, Hideharu NAKASHIMA ™
Akiyasu YAMAMOTO ™, Jun-ichi SHIMOYAMA ™, Shigeru HORII ™, Kohji KISHIO™

Synopsis: Mechanical properties of superconducting MgB, materials are important for their practical uses. This paper reports

relationships between mechanical properties (Vickers hardness and fracture toughness) and the microstructure in MgB, bulk

materials. MgB, bulk specimens were prepared by a Premix-PICT (powder in closed tube)-diffusion method. It was found that

Vickers hardness and fracture toughness were improved up to about 1.5 times by co-doping with SiC and C;¢Hg. It is interpreted

that (1) the improvement of Vickers hardness by the co-doping is mainly due to reducing the MgB, grain size, and (i ) the

improvement of fracture toughness by the co-doping is mainly due to decreasing the amount of amorphous phases.
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1. [XC&HIZ

2001 TR R S N BEEE MeB, 1%, &R RBRE
RofchbEVBREEBIEE (~39K) 2HT5 Y
T2, W/IE~Y 7 A ENE L LW EEIS I L
BELTHifFShTng, £7o, 2Rl CiRER T R{LE
W, RNGaEE (AIB, #i%) TEHIVB[EGTETH
D, EWVoERHEAET LD, BMHOMER E~DFEMH
& B8 L7ZBRZEBRIE A BE A IS T b T B 22,

MgB, #BARE R D B BB R LS 7 e e 2
(MRI : Magnetic Resonance Imaging) 72 & ~®J&H & 4H7E
T3 &, Bt BML) BEETH D, Fio, EHER
CRBWTIIMM 2B W0 #7202 X, B LAEBRISK
JECTEDZENEELRDZD, BIEEOR L Eiffk &
FERIZCARAI R TH D, ZD X DI, MgB, DFEHLD=H
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ISR T 2 MR 2B 2 b EThD EE X
5N%, L. ZHIETO MgB, DWFFEITBEE D
MEZABETELONIEEAETHY O Ji2esE
BT 2 EFNIT DR ORBRTH D,

AR HWF ZE T iX . Premix-PICT(Powder In Closed Tube)
Diffusion & ' AW CEBE, & Jo E0O KK BB
U — R~OISAZEE LER L7z MeB, Zi&dh L 7 (RiC
DONT, By — AR ERBRIC K 500 SAE & iR
DOFf ZAT > 72, MEOMES OFRIE & 72 B BEEIEIE T,
B SUG IR RAR S & B IRIEAL, R B 2 BE O 8L e
DISTTDEENERT, FriZ, MgB, O X 5 22 Mfatis Bz
E o THRESMMHEMEOFMITEETHY . Z OB 10
MPam'? LA | C & AUIEMEEA B O T b E R e b R &
R s, Zhb ORI Z T, ARAFFTIEM
AR DB ATV, PR OB EEBRE LT,

2. REBHZE

2.1 LY R

Premix-PICT-Diffusion %I £ % IR MgB, 73V 7 #F
(LLF, BEHRMAM) B SIC & CHy (F7X1Ly)
LRI LT MgB, S 27 88 (BUF. EIE) ofFfT
JEZ LLFIZR 5, RN OER T, MgB, Chifg
1 pm, #E 99.0%) &7 EALZ7 A B (0.3 um, 99.95%)
RO LIEMERE . Mg (150 pm, 99.9%) WK%, Nb &
(3.02.6 mm¢yp) WTHEDE S LSICRE LT, ZEHAD
B|ITENET Mg:B:MgB, = 1.2:2:05 &L7, Nb
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Fig. 1 Jc-H properties of (a) non-doped and (b) SiC
and C,oHg co-doped MgB, bulk specimens.

Fig. 2 Optical micrographs around Vickers indentations
in (a) non-doped and (b) SiC and C;Hg co-doped MgB,

bulk specimens.

BOWN 2 —h7 L ATE Uth, ATREICEERAL,
800°C-180 h MEMVLERZ Jiti L C MgB, /L7 K& &7-,
W OVERLCIE, MgB,+B IRGERIC SiC MR E M %,
Mg B3R, CoHg &3EIZ Nb FIC T, HA L, SHEEO
EIIX Mg : B : MgB, : SiC: CHg = 12:19:05:
0.05 : 0.005, FUFRSGAITEZEH 800°C-72h & L7z,

2.2 JSAEHERIE

2% MgB, /L7 3 EHZ >\ T, 5K, 15K ,20K,30K T
DEEREREE (Jo) OMGEKEES BLERE T THETF

(SQUID : Superconducting Quantum Interference Devices)
f# 5t (Quantum Design MPMS-XL5s) THIE L7,

2.3 hEERAE

SV REIREIC, =& ) — & AW A i L
T, XAVYELV RR—=Z F (A4 ¥EL FRF : 3.0
um, 1.0 pm, 0.3 pm) ZHWTATHEL, v b — A
FE# BRI LY IF (Indentation Fracture) V5T X 2 By
RN %17 o 72, BBRGMEIL, M LIALFTE 2.94 N, 4.90
N, 9.80 N, 19.6 N, 49.0 N, #f LiAAFEM 15s & L7,
INOLDOERMETHZE y I —RAEROREEN L. R(1)
EHWTE Yy I — A S Hy[-[][2HH L7,

P
H, =0.1891—— )

(2)

2T, PIIMUIARSE[N], 2a 1FEEOARREE S [m]
ThHd, WIZ, Ev I —RAEEORMBREI L, JEEMD
BAINLIBHOESEZHWT, Q)0 SHEMMEE K
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Table 1 Mechanical properties of non-doped and SiC
and C;yHg co-doped MgB, bulk specimens.

Vickers Fracture
Sample Hardness Toughness
[-] [MPam'?]
Non-doped
MgB, bulk specimens 643 4.47
SiC and C,¢Hg co-doped
MgB; bulk specimens 925 7.76

Fig. 3 SEM micrographs of (a) non-doped and (b)
SiC and C,oHg co-doped MgB, bulk specimens.

[MPam'* & % L7z,

E"p,
K =0026—— @)
c

ZZT E XYy U RKPal. ¢ IZBEESD 12 OfEi[m] T
BB, AR 5@ OFET 1 BTOMELEZ Hy & K¢
DB Z FEFME L Lz, Yo 7R E OFEIZIE, R
LY 224 GPa " E W=,

2.4 AR

AAETBAMEE (SEM : Scanning Electron Microscope)
Blzz (HSL S-3000H, AL 25kV) O 7= OFEHT
. By =2 SRR L& EFEMRIZ, =& ) — /R
WEL XA F¥EY FR=A MR DA THIEZ i LT,

% B 7 BH % % ( TEM : Transmission Electron
Microscope) @152l OFBHERIZ I, R A A B — 4
(FIB : Focused Ion Beam) ¥~ 7 m# 27U 717 (A
ST FB-2000K, AT 30 kV) Z#H L7z, FIB v 1 7
oYY SETE, EEA A CBEMKEE (SIM
Scanning lon Microscope ) 4 725, & 15 um, #t 5
pm, IR 8 um ORUNREL R 27 ) T Lictk, B
3mm O Mo BEMEA v v a lZFHEL, & SICHEHER
% 200nm LA FICETFIBMTI L7z,

TEM %122 (FEI TECNAI-F20, JN#FEE 200 kV) T,
PR, RERERIE, IR BRI & O - SRR
s, B L OEAFRE T ML (STEM @ Scanning
Transmission Electron Microscopy) & =R /LF—43Hcl X
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b) * MgB, 212
- MgB, 102

Fig. 4 Results of TEM observation for non-doped
MgB, bulk specimens. (a) Bright-field image; (b)
electron diffraction pattern in an encircled area ‘b’
denoted in (a); (c) dark-field image using 110yp.
reflection depicted with a small open circle in (b); (d)
electron diffraction pattern in an encircled area ‘d’
denoted in (a).
#4535tk (EDXS : Energy Dispersive X-ray Spectroscopy)
O LI iR~y 72 FE LTz, RIGKFEFIZELD
AUBH R O Y DB 2 B < 7o, TEM/STEM BlE o
ELRTIC 7T A~ 2 U —7F— (ULVAC PLASMA CUBE C50-
MK | 7 5W, B 10 min ) (K27 AT T
A~ RELREAT > 72,

3. EERFER

3.1 o 4FIEETAE

Fig. 1 ICKIRE (5K, 15K, 20K, 30 K) (Z381) 2 RN
(a) EILTIMH (b) O Je MORGKIFME %2 R~7, SiC &
CioHg ZHERINT 5 2 & ¢, @M (5T) TO JAER 10
REREm ELTW5S, 72, SiIC & CHy LML T
H, HOE (0 T) TO JMERXEEAEKRTLRENWES
Ee ., RN X BB ANADBAD DT/ NS &
Ay VIRV

3.2 NE4EEEHE

Fig. 2 12, fF LIAZWE 49.0 N, #f LiAARMR 15 s T
By 1 — AW SRR AT B0, WIRNM () &L
A (b) DIEEE Y OYCFEEMEE B A R T, ERIE, &)
BESREMEREIE L2 2 L 2R d . SHRNMANTE M L2k
ZRLTEY, FE»SHL2AZITTITERNIEAS
TWb, ZNHOBMGHEIE L EIROREM L BRE X
XV, Hy & K ZROTFERE Table 1 1277, SiC &
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(b)

. MgB,101
MgB, 100

, 000 g8, 001.

Fig. 5 Results of TEM observation for non-doped
MgB, bulk specimens. (a) Bright-field image; (b)
electron diffraction pattern in an encircled area ‘b’
denoted in (a); (c) dark-field image using 101y

reflection depicted with a small open circle in (b).
(a) STEM-BF

‘/r%{ailine area
~“# & Amorphous area

[}
-
c
=
Q
o
>
9
x

Fig. 6
doped MgB, bulk specimens. (a) Bright-field STEM
image, (b) Mg-K map, (c) B-K map and (d) O-K map.

STEM-EDXS elemental mapping for non-

CioHg 233N+ 2 Z & T, Hy, Kic & HITH 1.5 fFizm k-
LCW5, Fig. 2 Ti&, WA (@) &FHFMA (b) &b
IZ5~10 pm BREODORA K (Bnar 7 AR BEES
N5, iz, EBENE (a) TBIEZEIND 1~5 um BED
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Fig. 7 Results of TEM observation for SiC and C;,Hg
co-doped MgB, bulk specimens. (a) Bright-field image;
(b) electron diffraction pattern in an encircled area ‘b’
denoted in (a); (c) dark-field image using 101y

reflection depicted with a small open circle in (b).

BRARZRBE AR D 2 > b T A M, LTI (b)) TIRER
SR,

3.3 HEAARBETME

3.3.1 SEM#ERE

Fig. 312, #INE (@) & LIRS (b) @ SEM 2 T
%% "3, Fig. 2 OXFEMEG CHEINT LD IC, &
WIEE (a) Tl 1~5 pm OKE I/ T HEARD =
b A NBBESNS, LM (b) TIE. OB
Kz IR NI, B—Zr~ 7 affifiileoTn 5,

3.3.2 #ERMAOD TEMER

Fig. 4 (X, RINEF O TEM BIEFE R TH D, Fig. 4(a) D
WIREH R O SR T AZETT b & d 22 BAE LB
P & % 4L Fig. 4(b) & (NS, hkl = 110ygs, DEIFTHE
(Fig. 4 O)OOHITHAZZERT) Z Xty THRINL THE
% U= B4 % Fig. 4OIRLTW5, IEHRE %) & &
TR . I b AT ITRE BRI 1 um FEEE DRLK
72 MgB, fE D FE L TWAH Z Wb ns, Zhid, MgB,
YR L RREORETHD Z b, BULERINLTF
fELCW5 MgB, #II R & B 2 bhvd, —J7. Fig. 4d)o
BRI LY #R d IIEFEREFIRBSTFEL D &
Wond, ZOXD RIREHEBITERINICZ S BlES
Hu. Fig. 2 OIEBAMEE & Fig. 3 © SEM 2 W 1% TE
BENEHEAR 2 N T A SO, 2 oS EEE T
HDAREMEN R SN D,

Fig. 5 |2, MR OMOEL O TEM BER R %2R
7, Fig. 5)OABRI P OHEIK b 261G EFEHRE
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(b) Mg-K 1969

I
|MgB; 100
MgO 111
MgB, 101
MgO 200
Mg,Si 220
Mg,Si 311
MgB, 002
Mg.Si 400
MgB, 201

" 100nm
Fig. 8 Results of TEM observation for SiC and C;yHg
co-doped MgB, bulk specimens. (a) Bright-field image;

(b) electron diffraction pattern in an encircled area ‘b’
denoted in (a); (c) dark-field image using diffraction

intensities depicted with a small open circle in (b).

(a) STEM BF . %

LU N R RN RN RN NN E ]
Mapping .area: 500nm square

100 nm

X-ray counts

5
Fig. 9 STEM-EDXS elemental mapping for SiC and

CioHg co-doped MgB, bulk specimens. (a) STEM
Bright-field image, (b) Mg-K map, (¢) B-K map, (d) O-K
map, (e) Si-K map and (f) C-K map.
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Fig. 5(b) & Rkl = 101y OEIHTE (Fig. 5(b)OOH)) THE
% U=t Fig. 5(c) 5. ZOfED MgB, fdbkifk
1% 50~200 nm TH D Z & Nbd, Fig 4 1R LIZH KR
FEaRL (M1 AR) K0 bR B 2 M CT &

D, ZHGIFBEVLERRICRSAER LT MeB, i Th b &
EZbND,

Fig. 6 IX. Fig. 4 OBIEHEHEA 51 STEM BT & |
Z DO SR TR AT HE O EDXS T#E~ v B SRR T
b5, HEMEEIIEELE L TRRIEG B EBENLRDZ
ERDNRL, IhEY . BRI E S TFET 2 IR
ik, Mg RS LENTICREINICEE LI REUGT €
NT 7 ABTHDEHEIND,

3.3.3 SiC, CHs &4 D TEM £122

IIRIIM CIE, BRI & Rk BRI D AFTET
2 AEARIEE 1 pm FRIE ORLK 72 MeB, # A TFEAE L T,
Fio, WERIBICHERT Fig. 4 1R L72 & 9 IR0 E I
PFEALELRNWZ EBHLNE ST,

Eg7;\AﬁWM@WEMﬁﬁF%%T¢ Fig. 7(a)®
PRER G Ok b 2> HA7-FE 7 EIPTIKIE Fig. 7(b) &, hkl
=1mmmﬁ&(ﬁgnmmom) TG L2 R RS Fig.
1) B, T OFEIIZIE 50~100 nm DK X & FF> MgB,
BN FET 2 2 e bhn, T bid, BUWLIER K
JNERR L7z MgB, figa CThHh D &EEBZ BN DM, Z OfEdkL
BRITIEAINGS & i U CENRETH B,

Fig. 8 1%, AT I T 5RO KD TEM BlEdiE 1 ¢
H D, MgB, 12Nz T MgO = Mg,Si DTFFEM, Fig. 8(a)?d
G OFER b 2618 6N EFEIITEIE Fig. 8(b)2:
LMD, BT, ZTHHOREEEIT 10~100 nm ORGHAZR 7
JREERTED T LD, hkl = 101y, 200pg0, 220mgsi P BT
¥ (Fig. 8 b)) OHI) TH;E L /=R R4 Fig. 8(c)lTrnSh
Tn5,

Fig. 9 I%. AR 5 STEM HItREM& & s CHH
ATEREIR D EDXS iR~ v B IR TH S, Mg Bk
253 L. B, O, Si IZFNENMMIZHHL TNDZ &
5. Fig. 8, 9 O X 9 e MikIfalk Tl%, MgB,, Mg0O, Mg,Si

DB L TWD Z Enbnd

4. B

Fig. 10 (&, AHFZETH - MgB, 7 3b 7 IR & fth o £/
&Eh%ﬂimm&m,YMDmJBUWlmFQWh@&
Sy B ) L0 Hy [EO kAR, AR TRV
MgB, NV 7 MOy 1 — A XX, NbsSn CRIEEHK 100
nm) CFARETHY ., SRR RIEBEEERD YBCO,
DBCO L W#T 5L 3~4 {FRWZ ERbh D, ik
ARFIETHZ MgB, 23V 7 AR S5 EE Ok Td 5
ZLICERTSEBZOND, BT, EIEAGRECER S
7= MgB, 7S v 7 223 2000 LLED Hy & R4 2 & b [RIEE
DOEHTHDL EEZLND,
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MgB: bulk
SiC and C10H3 .
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MgB: bulk pressure
MgB: bulk L
sintering®

Fig. 10 Vickers hardness of various superconductors.

Fig. 2 Ti%, MESIAR X OSRmAl & 12 5~10um 2
FEORESORA RBRBIEE SN, MgB, ® XL 9 72 ffathss
BHZRBWTIE, ISHEFREE T DR A FiZEORS L 72
DIGDT=0, RA ROFEIT HESR Ke 2R &85, 9
bbb, B HVEE Ke 2/ 570101%, Ao RERd &
HEBEICTIZENEETHD, —HMIC, BENEL
725 EBEEEROBT SANEML JEbH LT D, %
D=8, MgB, OMEIREFHIIBWTIX, TXARY mEE
T DZERARAIRTHDL EBZLND, RIFFETHW
MNAI & JLTRINA OB X FRE (85%LUE) THY .
RA ROKEXEE 5~10 pm LITEFECTH D720, IR
I X 2 71O R EOBERIZEBWT, RA ROFEIT
WAL CIVWEEZOLND,

MgB, 7SV 7 #4112 SiC & CHg 2342 2 & ¢ Hy
13K 1.5 fBicm b L7z, [AERIC, SiC & CoHg DIFIMIC &
5 MgO T/ fEdm<° Mg,Si 7/ FEda OB 8 . SURAE
B L7z MgB, fdehi O R A2 il L Cu7z (Fig. 8, 9). Hy
flix, MEtos, ThbbEEERO LIt SR E
ThHdNB, SiIC & CHg OITMENEIZ, L FOXQ3)IZ
RTHR—= ARy FRIDGHEIND,

o=0,+ki" 3)

2T, olXBRIBEE[Pa]. oy 1L EHLAE S OB G O BRI E
[Pa]., kIFEH., d TR MITHD, ThbL, SIiC &
CioHy DM L D FEEHIRE d Ot 3o, DWTIE
Hy Z8nsg-b o L EEmIicEgcE 5,
K IZBW\WTh, SiC & CoHy M4 252 TR 1S
fFlzm b Uiz, 2k, SIRINA & OMEROE WSRO
ICBLEEIND, MgB, BHFEMBNICTEL 7 7 A B &
TSy &+ B IR (Fig. 2,3) NMFEET DL, TOMHE
BWACIHISNEFNAE T, BRIZOHS 2 —RICHERT
5, TOXIRAN=ALT, FELEHERDOFEIL K &
BTFEETW5S, o T, SiC & CoHy DA &b
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MgB, #&fh O SA e U, JEREHEIR CRKET £
NT 7 A B) DD LEZZEN Ke DM EEZ LTS LEZE
EZHND,

S FESH

Premix-PICT diffusion ¥ CIE L 72 #4800 MgB, /v 27
ME L SiC,C oHg 7RI MgB, SV 7 ¥ D 1545 (Hy
L K EEHi L7z, EORER, SiC & CHy #IRIN7 5
Z LT, Hy, Kic & BT 15 fFICm BT 252 &R 60nE
polz, TIHDS)FREDE A | £V T B ORI
WNOBRELUIFHER., LT O mERT,

1) Hy o EiX, SiC & CoHg OILFIMIFES MgO &
Mg,Si DO 73 803 SOG4k MgB, i dl O RL k& & il

L. MR AR THHIL(50~100 nm) L7= 2 & A FEE
HELTHETFOND,

() Kic DI ik, L7 SiC & CiHg A8 MgB, DARL
SOUG Z Rite & W72 2 & TR BRI AN A L, kA ) —
Bl Z ENFHERE L TEXLND,

A1, MgB, OFEMbE B T72OIZIE, BRD K D
[ (10 MPam'? LI k) 23R 5, MalEkr ko)
Pz L EEBFED oL LT, —A- - %4 FE
SERNLERIEDHEND D, MERRENNSTED
L. A B EITIITEARANIEE S R L X — /N S
WHRLR AR LT CRIRAEEE) 72O, Ko 13K T
Do M, MRRRENRETELHE HAANDKA (FIZ
EERAE) AEMMICERLTVWE, K MEFLTLE
9o ARBFZETHWTZ MgB, 7L 7 (3 10~200 nm & 55 AaRie
DWNEWD, BIETHHZ ENTHEENSD (Fig 2), T
bbb, BB Ke DR EOTZOIIE, BHEELZR-T-F
F., AAEPRLREERLTHEREL T I RRE &
F R ARZHRIESELZENATHD LEZON
5, fEERIRREHAES D & AR OB L.
RO LD ENBDT D0, EEFAITO Je T
TLTCLED P, 22T, BBESBLERGEEITIE Ke 23
RKR LD XD ISR R LS, SRSITO JH
ZE ESHIZWEAICIETE R RSk 2t s ¥ 5
Y, HABICE LB RRRICHET S ZENEETH
%,

ARBFE CHEME L 7= ORI I B W Tl R REC & AT
R OUNRFERERL) Il hvwieiZasE Lz, 221
B OEEZRLUET, AZEO—EIT, TR EE R 2T
ZeF B 4:(18681019) DXIEAZ T E LT,
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