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Nb3Sn: Macrostructure, Microstructure, and Property Comparisons for Bronze 
and Internal Sn Process Strands 
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Ahsfruct - The vnrirtioii in irrcversibility licld, B*(T), with 
tcmpcraturc has been mcasorcd for Nb3Sn rupcironducting 
strands mmiifilctured for 1I'Eli using vibruting sample and 
SQUID magnctomctcm. The high performance strands were d e  
vclnped fnr both high trilnsport critical current ilensity, J,, and 
low hptercsis loss. Dcspitc II widc varicly of dcsigiis ancl conipo- 
ncnts, thc strands coiild hc split into two distiiictive gronp%, bused 
on thc cxlrapolatcl irrcvcrsibility fields, which lic about IO YO 
lower thiin IIIC uppcr criticnl field. 'LIIr~n~e-procc~~'' strands cx- 
Iiibited consistently h i g h  B * ( q  (28 T to 31 '1') compnrcrl with 
“internal Sn" process (24 T i o  26 T) conductors. '[he intrinsic 
critical cwrrcnt density uf the su[)erconductor, J+), and the spe- 
cific pinning forcc of tlic grain buuntlaries, PE,,, wcrc cvaluatcrl 
using thc mcwired J,, and imagc malysis of the nincro- and nti- 
cm- fitrucbrcs. A hronxc-processed Nh(-'h)3Sn was foimd to haw 
R higher ,Jc(wj hui Iowcr Qgi, thin NbJSn prodiiccd from Nb fila- 
ments. This work shows that the msximkmtim of J, i s  both a11 

intrinsic tliix pinning issiic and B qunntitrtive issue of how miid1 

NbJSn can he put into the compositc pnckage. The rewlh for thc 
ITEH strmds are compand to a'high J, (biit also high hystcrcsis 
I w )  internit1 Sn stntnd. 'The high J, stmnd hsd B much highcr 

and QEl, than m y  of thc ITER strands. 

I. INTRODUCT[ON 

The ITER program successfully prodiiccd ovcr 28 tonnes 
of Nb3Sn strand Cor its iiiodcl coils in a rlcvclopritcnt pro- 
gram that has pushed NblSn conductor tedmology to new 
pcrbnnancc and production bcnchmarks. 'I'hc strand was 
succcssfully fabricated iiito 7 km of fitiishcd cnhlc with 
-1  000 strands per cross-section. Thc strand benchmarks for 
L'lTR strand wcrc ovcrafl critical current, I,, and hyslcrcsis 
loss, properties of the whole compositc, rathcr than of the 
Nb$n itsell'. In this note, we turn to an evahtation of thc 
intrinsic N b 3 n  propcrties such as /1*( (7) ,  rIc(qcl and &,, dc- 
duced from magnetization uiid quaiititalive metallogrqhy. 

A summary of thc samples used is shown in Table 1. A 
summary of results from the firs1 and sccond I'I'ER bench- 
inark [ l ]  and llic third round of 1I'ER strand bench-marking 
121 art: published elsewhere. Thc strands Itad been heat 
treated under vacuum conditions at the MI?' Plasma Science 
and Fusion Center and the Low 'I'emperaturc Divisioii of the 
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. . _ _  
Mnniifacliirer ITER Strand Manufaciunng Repurted Dcsig- 

Spccificnlion Technique t'ilament ntition 

Alslliorn 
Rochvnr 
EM-LMI 
Furukiwa 
Hitichi 

Mitstibishi 

V n c u i ~ m s c l ~ n ~ e l ~ ~  

ICC-AS 

'rwc 

lntcrnal Sn 
nronrc 
Intcrnal Sn 
Ihwc 
h o w &  
Iiitcnial S n  
hiternel Si1 

lntcrnsl Sn 
Rrunxe 

NA 
Nb ,I. l'ri Core 
NbTilO/. 
Nb 
N b'laO. 5 % 
N b'I'a7.5% 
Nb 
Nbl'i I % 
NbTa7.5% 

ALS 
BOC 
LMI 
FIJK 
HIT 
IGC 
MIT 
I'WC 
VAC 

University of Twente, uccortling to schedules providcd by 
the strand mnnufacturcrs [ 1,2]. The hcat. treatments rccom- 
mcndcd by the strand manufacturers m e  lislcd in Table II. 

Magnetization was mcasurcd it1 a laboratory coiistructed 
vibrating sample magnetometer (VSM), which was used to 
observe the UC moment as a superconducting solcnoid 
swept the field from 0 T to 12 T and buck ;it 20 mT pcr sec- 
ond. Thcsc ficld swccps were taken at 4.5 K and every 0.5 K 
h m  X K to 14 K, with some samples also tcsted at 15 K and 
I Ir K. Sample iemperatiire was established at zero tk ld  by ii 

germanium sensor in close proximity to the samplc and 
controlled during the tncusurement by xi1 adjacent capaci- 
tancc scnsor during the sweep. lhe temperature controllcr 
was an Oxford 1TC-4 whosc capacitancc scnsor hoard had 
bcen modificd in ordcr to greatly incrcasc its resolution, 
while reducing noise and drift. Combined with a T,akcShore 
CS-401 capacilancc Ihermomcter, this sensor and amplifier 
providc a scnsitivily of 1 mK and intrinsic noise of < 2 mK 
in the 4 K - 20 K tcmpcraturc raiigc. Tnitial sckpoint devia- 
tion from ihc nominal temperature was 5 0.02 K, and c;ontml 
stahility during sweeps was 0.0 1 K. Tempernture offscts due 
to spatial scparattion ol' thc thcmomclcrs and the saniplc 

TAB1.E 11 
XECOMMENIXD H I X ~ T K U K I M I ~ N , ~  S u i ~ . i i i ~ ~  IIY MANUl:ACTURERS 

S l m d  Recanmendcd Hcat Trciihncnt 
Hochvnr 575' CA50 11, G50° CDOO 11 
F,M- 1 .MI 220" C/ I75 11,340'' CI 9G 11,650' CII 80 11 
Rimkawa 650' 0 3 0  11 
Hiradii 650' 0'200 11 
ICCAS 
Mitsiibislii 2Oo0C/6 h, 3S0°C/181~, 4 5 O o M 8 h ,  58O0C/60h, 700"C/lhOh 
'I'WC 
VAC 

660' WO h, (fro /h mmp) 

185°C/120 11, 34O0C172 h, 650" CL700 t i  
570" U220 h,(i50" C/175 h 
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l'ig. I. FF.SP,M-SL iinnges o f  fractiirc cross-scctions comparing ihc Nb3Sn 
grain size from filamcnts of the Purukawa, Mitsubishi and Vacuiimschmelrc 
ITER slrantls as well ns the high .J,'I'WC (1912) r;trand. The niagnifications 
w e  thc same and the scdc innrkers we I pi  in length. 

-\ x 

wccc nulled by mcasuring I;o) of a saixplc oENb. Control 
set-point stability of thc capacitor was verified by control- 
ling sainplc tempcrature at zero field with thc capacitor, 
while monitoring the samplc temperaturc with the control 
germanium thermomcler. The lcmperaturc control tests 
spanned 60 miuutcs, n period double the timc of one field 
swecp. A I'ew samplcs were also mcasured in B Quantum 
Dcsign MPMS-5 magnetometcr at 16 K, which was also 
used to mcasurc 7; in ;t licld of 5 inT. Total tempcralurc 
error in thc SQUID was 0.02 K.  Thc irreversibility Gcld [3], 
n*, values for cach temperature, & * ( I ) ,  wcre estimatcd rrom 
straight-linc extrapolations of magnclization data convcrted 
to Kramcr plots, J,'BB" (l3,'I'). 

'lhe Jc(scl was obtaincd from the prcviously rcportcd 
transport 1, values [Z], dividing 1, by the measurcd cross- 
sectional arca of the NbJSn A-15 phasc, rather than as usual 
by thc ovcrall diffusion harrier, bronTc, Sn, etc package 
needed t o  rnakc thc NbJSn. Arcas were detcrmiiied by itnagc: 
anaiysis of hack-scattcrctl clectron images obtaincd in a 
].EO 982 FESEM I Thc Q g h  was obtaincd from thc JccUc) data 
by measuring thc grain boundary density from high resolu- 
tion secondaiy electron images of' Fracture cross-sections 
(Fig 1) by a prcviously reportcd nicthod [4]. T,ow magnifi- 
cation sampling of large arcas was checkcd against high 
magnification images of small iiuinbcrs of filutncnts. 
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Fig. 2. Variatioii in irreversibility field, o*(T) with temperaturc for ITER Znd 
and Yd benchmark strands. Note the scpamiion bciwecil bronzc-process nod 
inlemal (in pmccsscd sirantl. 

111. RESULTS 

Thc B*(Il  results (Pig. 2) show a striking result, nanicly 
(hat the interiial tin and the bronze composites Ilavc diver- 
gent trends, in general agreement with thc trcnds of Kramcr 
plots for 3, data. Above 5 T thcrc is a distinct scparation 
between intcmal Sn aiid bronze-processed strands, bronze 
strands having higher 8*('I*). 

'I'he JclE) (Fig. 3) and Qgb rcsults (Fig. 4) indicate a lowcr 
Jclsc) for the broo7.e strand and a Iowcr grain boundary pin- 
ning force. Thc high .I, high Si1 comparison strand has a 
substanlially higher Jc(sc) and Qgb than thc ITER strands. 

Thc distribution or g r i n  sizes (cxpressed here as d*, the 
diameter of the grains calculaicd from their cross-sectional 
arcas, assuming circular cross-sections) within the filaments 
was log-normal h r  all the strands studied. Thc grain s i x  
and s i w  distribution was typically uniform from filamcnt to 
filament with some exceptions. For the hrukawa bronzc- 
processed slrand, the grain size for the filaments closest to 
the outside o€ the filament pack (Fl and F2 in Fig. 5 )  me 
25 % greater than for the interior or the filament pack. Thc 
grain siec diWibntions for the bronze-pruccss lurukawa 
strand are shown in (Pig. 5 )  and can bc contrasfcd with the 
ninre uniform grain size diskibutions for 3 filaments rrom 
the internal Sn processcd Europa Metalli LMf strand. This 
was nat a univcrsal trend fur internal Sn strmds as cross- 
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Fig. 3. Variation in supercoiiducior critical current, Jdx, with applied ticld. 
'The iiitcrnal Sn process stmnds have a higher &, especially the high Sn 
strand. For the Vacuiimschmeh 7.5 % Ta strand, the dccrearc in with 
field is  less at high field ihnn the internel Sn strands, resulting in a cross- 
over with the Europn Metnlli-LM1 internal Sn smnd at 10'1'. 

sub-element trends in filament size were also obscrvcd for 
the Mitsubishi internal Sn strand. 

A trcnd to reduccd grain boundary density with increasing 

8000 1 

7000 1 I 
I 

E 
P 

4000 

3000 

2000 

-- -4 I -  HigIi .I, Internal ~n TWC ~ d i i  
& Mitsubishi Internal Sn 
- --A-.. 1,MI Intemal Sn 
--0-- Purukawa Dmnzc Pi-oceus 
- --K - VAC 7.5% Tn Bronze Proms 

7 8 9 I O  It  'I2 13 I 4  15 16 
Applied Field, 1' 

Fig. 4. Variaiion in grain boiindary specific piniiing force, &, with applied 
field. The high Sn internal Sn strand has almost double tlic & of tlic othcr 
strands. Evcn tlic IOW Sn ITER intcmd Sn sirands have L Iiiglier Q,b than the 
hronzc-processed strands. The high graiii boundaly density of tlic Vac- 
uumschnielze bronze strand (7.5 %'h) lowers the caIculated & significantly 
below that o f  thc Purukawa trroiizc-proccsscd strand. 
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Pig. 5 .  Variation in graiii sizc with location Tor Furukuwa bronn-prmcsscd 
ITER strand. Thc grain size for the filaments closest to the oiitsitle of' the 
fihment pack (F1 nnd F2) ure 25% grenter tlisii for tlic intcrior of tlic f i la- 
tneiii pack. 'Plie cocmcierit of vnrintion for rP for the 6 filaments, i s  a rela- 
tively large 13 %,the mean grain sbe (1ug)ivns 146 nin with a -1-1 std. dev. of 
84 nm. 

distancc from the originul reaction interface (filament pe- 
rimeter) is obscrved in the Furukawa slrind (i.e. Fig. 7) wilh 
a gradicnt of approximatcly -4L-'& nm-'. This trend was also 
observed in the Vmiumschmelm bronac-proccssetl slrand 
(d3EM nm-z). The trend was vcry shallow in the I,MT strand 
(-7E-7nm-2) and in the Mitsubishi strand lhc trcnd was re- 
versed and the grain boundary density increased with in- 
creasing distance from the pcrimclcr of thc iilament 
(t3K06 nm'2). Thc rcductiori in grain boundary density uc- 
curs simiiltancously wiih an incrcasc in the aspect ratio or  
the grains, as the grains become more columnar towards the 
center of the Giament. Cotumnar grain growth occurs when 
tiew grains are not nucleated and while the Nb3Sti grains 
continue to grow inward and arc rcslriclcd in llicir perpen- 
dicular growh by adjacent grains. 

1V. DISCUSSION 

Thc tinding that bronzc ITER strands have intrinsically 
better B*(7') properties than Il'EK internal Sn strands was 
not at all expected, as higher J, and presumed better intrin- 
sic propcrtics arc normally thought to occur in intcmal Sn 
conductors. This distinction occurred despite a large number 
of other design varinbles (see 'lablc I). 'I'he implication is 
that whatever benefit the ITKR internal Sn conduclors de- 
rive bccausc d lhcir smaller "carrier" Cu content, is at least 
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1:ig. 6. Variation i n  grain size (P) with position Tor four filaments in the 
Europa Mctalli LMI stmiid, comparing outcr and iiiner filaments. 'l'lic grain 
s i x  i s  uniform with a coefiicienl of variation of just 3 Yo. 'lhc lneun grain 
sizc (log) was 134 nni with a -1.1 std. dev. of 77 nni. 

partially ncgatcd by tlicir inferior busk NhnSn properties. 
This rcsult is also striking because bronzc condiictors with 
larger ''CarIier'' Cu content might be expectcd to have 
greater pre-compression and thus deprcsscd 7;, Bc2 and 
U*(T'). Thc unexpected bchavior of the intcmal Sn compos- 
ites inay be due to Ihc design compromises that had i o  be 
madc in order to reducc the hysteitsis loss of the intcmal Sn 
strands. Uespitc the superior T,(B) behavior OC the bronze 
strands, h e  Jcc9cl and L)h  01' the two bronze strands wcrc 
lower than intcrnal Sn strands. 

Thc difkrence betwccn thc &!gb of the Purukawa bronze 
and the Vacuumschmelze bronzc-processed strand is also 
interesting. The principal di ITcrencc betwccn the Vac- 
uumschmclze strand and llic Furukdwu slrand is the use o r  
7.5 wt. % Ta alloy Nb filmelits in the casc or  the Vac- 
uumschmelze strand. 'lhe use of Ta has long been known to 
improvc high field pcrformance, and it has been postulatcd 
lhat this is n resull or increased critical fields produced by a 
decreased cIcctron mean rrcc path 151. In this case, however, 
thc incrcased grain boundary density that should result in 
signi rtcanlly higher critical current i s  apparently offsct by a 
rcduced pinning forcc supplied by the grain boundaricx. 

We first reported thc log-normal distribution of NbJSn 
grain size for an early TWC ITER sirand [4]. By accurately 
describing the distribution profile, meaningful statistics can 
be generated for filament size distrihutions. Having confi- 
dcnce in the measurement statistics, wc can now search for 
trcnds in thc variation of d* distributions. 

For bronze-processed strand, unlike intcmal Sn, the Sn is 
uniformly disiributcd across the bronzc prior to the onsct or 
thc Nb3Sn strand. This situation, however, can bc cxpected 
to change as Sn is depleted from the bronze. We havc re- 
cently obscrvcd a variation i n  grain size with location for 
Vacuumschmelze ( 1  3.5 % Sn) bronxe-proccssed strand [SI 
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Pig. 7. Variation in grnin boundary density with position within an inner 
filanient of thc Furukawa bronre strand (filamciit 6 of Vig. 5 ) .  A 25 point 
moving averagc is shown as n continuous black lino, Thc least squares linear 
fit (dashed liiic) shows n reasonahlc approximation to thG trend. 

and in this casc a larger grain sizc was observed for fila- 
ments nearest thc outside of thc strand. Further study or this 
phenomenon should yidd insights as to how l o  increase 
grain boundary density. 
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