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. TH¥ SUPERCONDUCTING CRITICAL CURRENT AND CRITICAL FIELDS
OF Nb_Sn-NoC and Nb,Sn-Nb COMPOSITES ‘

5o 5
RUSSELL. JONES
Tnorganic Materials Research Divisibn, Lawrence Radiation Laboratory,
and the Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California '
ABSTRACT
The critical‘currents”and critical fields of & Type II supercon-
ductor are dependéﬁﬁ on certain microstructural aspects.' Thése propexr-~
ties have been studied ﬁsing composite samples with-NbBSh surrounding
grains of MbC and niobium. Two types of processing treatments have
been examined resulting in desirable compdsite microstructures with
good critical current and field values,

Films of Nb,Sn surrounding NbC grains were obtained by hot

3
pressing ﬁowders Qf niobigm, tin, and graphite. vFilms of NbBSn surround-
ing niobium grains were obtainéd with presintered porous niobium impreg-
nated wiéh tin, Metallography, x~ray diffraction and electron beam |
micfoprobe were used iﬁ tﬁé ekamination of the samples. The criticél
temperétures'were measufed and the field prbperties were determined using
the pulsed fiel& téchnique, The ﬁighest critiéal current.(JcN) obtained
was~53,700 amp/cme; The highest ériﬁical.témpérature was 17.8°K, and

the best upper critical field (Ho ) was 234 kG.©



T, INTRODUCTION

The critical fields and critical currents of a‘Type 1T Superconductor
afe dependent on certain microstructural aspects, Thevcritical filelds are
dependent on the.averége number of.eléétrons per unit volume and the
normal state mean free path.of the eleétrons. The upper critical field
is.also a function of the aimensions Sf the‘suberconducting phase. The
- criﬁical currents of thc‘sﬁpereonductor are affected by the type of pinn-
ing sites which are Qpefatiﬁg. |

Pievious work by Chabannel with a composite Type II éuperconductor
resulted in an Hep of 240 kG, The composite was NbCAgrains coated with

. the high field Type IT superconductor Nb,Sn, The effect of proceésing

3

temperature upon the critical fields and critical currents of this compo-
site structure were studied in this paper. Also, the effect of the pro-
" cessing technique on the distribution of Nb.Sn was studied.

3
'Films of NbBSn sufrounding NbC grains Werelobtained by hot pressing
powders.of niobium, tin and graphite. Fiims df NbBSn gurrounding niobium -
grainé Qere obtained with presintered poroﬁs‘niobium impregnated with
tin. | | |
The resuiting micfostfucturés were examiﬁed métallbgraphigalLy,
3

position was determined with the electron beam microprobe, The critical-

and X-ray diffraction was used to identify the phases, The Nb_Sn com--

temperatures were measured'ipductively,,&nd the'fieldvprqufties were
méasured with pulsed fields. Correlations héﬁe been madé befweén cfitical
" currents (J) and‘field'(H), the upper critical field'(Hcé) and critical
temperaute (Tc),.héat treatmentvté critical current (JCN) gnd % NbBSn, and

Wb, Sn composition to critical temperature (Tc)}

5
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"IT, SURVEY OF THECRY

A. Critical Fields

A superconductor in a magnetic field will transform to the nérmal

-

state when the magnitude of this fieid reaches a criticél value. There
is‘a singlevcritical field for a Tyﬁe I.Sﬁperconductor and two critical
fields for Type II superconductofs.‘

A Type I superconductor in an e#ternal field excludes the flux to
a.field H = Hé(T). A Typé IT superconductor enters the mixed stéfe at
HCl(T) and remains superéonducting to'HCE(T), as shown in Fig;lﬁe The
penetration of the flux above HCl is favérablg when the surface energy
of the normal and superconducting phase 1s negative. This condition
is met when kK > Ifé or N> £, Kappa is a diménsionless parameﬁer which
characterizes a superconductor and,is equal to K/E. The flux penetrates
as a quanfuﬁ of flnx,‘.The flux core of diameter § 1is normal, and the

.field,penetrafés the superconducting phaée té a distance N (Fig. 2).3 The -
vpenetfation depth (k) ié the depth.to Which the‘magﬁetic field decays to
a certain value in‘the s@perdond;cting regioﬁ.

- The uppér critica} field as given by,GQr’kovh.ﬁas the following
relétionship:i : |

H . . '
C2 o« pn'Ych- .. (l) .

Normal state resistivity.

i

whgre: pn
Y
T

c

- Coefficient of specific heat.

Il

Critical temperature.
See Appendix A.
The paraméter. K ig a function of the mean free path of the electrons

in the normal state. Alloying, increased disloqation density and any-
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thing that decreases the mean free path (1) will increase Kk, With cold

workihg, K can be madé ﬁo increase from <.707 to >a707, an& the super-
coﬁducting behavior will go from.Type I to Type IT.

The abpve relation indicates that increased resistivity will in-~
crease Hce. "Cold work usvally introduces a statistical distribution
of values_ovac2 so that a.magneﬁization curve exhibits g tail at
higher fields and approaches zZero magnetizétion asymptotically so that
measurement of Hc2 isvdifficult.\"5

The value of HCE has begn shown to increase when the size of the
superconductor épproaches the dimensions of the penetration depth. The
following relationships.approximately describe the dependence of ch(t)
with thicknessx6
for | <a<i (t)

o, (k) ~ (1e/0)/2 (16)/%/a 2)

d = thickness of'superconductor
t =,T/jc
! = mean frce path

ThlS equatlon is valld when d < g(t), but when d < d there may

. also be an increase in Hc(t). The following give the relationship for

d

. C: ' :' | - .2(5)1/2X

R O -G
The critical thickness (d ) is the thickness belOW’WhiCh there is a
slgn;flcant increase in HCQ.7 The Crlulcal thckness (d ) for NbBSn

A ok
equals 380°A,

Obtained from Eq. (3) with A = 2900 A and k = 34 .
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B, " Critical Currents

The critcal fields indicéte the beﬁévior of the superconductof -
when th?fe 1s no transport currént.' Wheh transpbrt current is présenﬁ
thevsupergonducting transitions are detérmined,by'the Lorentz force on
the quantized.flux.' In the mixed’stété;'a Type II can cérry currentv
without loss if the'quantized flﬁx lines_remainvin statlic equilibrium,
If the Iorentz force (JIxH) is large enough, the flux lines will move.
The curfent densiﬁy:is J énd the total magﬁetic.field is H. The move~
.menf‘of the flux lines is said to give rise to the voltage ﬁhich appears
in the mixed stéte, A Type It superconducfor, in the mixed state wifh
JLH, and in a field high enough to cause flux movement, will ﬁot carry
:cufrent without loss. The firs£ detectable.voltage is termed the JCS,‘
“and JCN is the transition to the normal staté. It_has been shown by

SSn obeys the

' Kim8 that the critical current density_(JcS) for Nb
:folloﬁing relationship: | | |
o =J(E+B) e ()
.IWhere ac 1s a measure'of the pinping'strength‘of the material, and
B‘%lHCl.g,vDislocatiogs aie kﬁown fo acta; pinning sites, as well as K
a finely‘dispersed second phases, For a normal second phase it has
been shown that Jéé'decreases with incfeasihg intérparﬁiéle_spacing
(deéreasing Qolume fractiop) and increasing particle size (oﬁce the
pafticles~are largé enough fo pin seVeral flux-threads.simultaneously)flo : ¢
" Flux pinning by magneticll qnd superconductiﬁglzvprécipitatés has been

N

.demonstratéd.
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III. EXPERIMENTAL PROCEDURE

‘A, Sample Preparation

1. Introduction

Two techniques wefe used for.the preparation of samples. One
technique is the sintered_type.and is designated by an S preceding the
temperature Tl’ as shown in Table I. The.term sintering refgrs_to the
pfocess of hot pressing mixtures of niobiuﬁ,'tin.and graphite. Tempera-

ture Ti is the first holding temperature, The other process utilizes

- impregnation, and IMP indicates this process. Porous presintered niobium

was impregnated with tin. The powders used for all samples are listed in

Table II.

2. Sintering Technique -

The'sinteredvsémplés were hot pressed mixtures of hiobiung tin and
grapbite powders. The hot pressing was done in.a graphite mold (l—l/h
in. diemeter) with a ram type plunger, (1/8 in. x 3/8 in.). The heighﬁ_'
of the sample was determined by the amount_bf powdef used. The graphite
mold was placed on‘a graphite bése, and pressure was applied hydraulically
while radiant éneréy_was sﬁpplied by a tantalum filament arouhd the gra-
phite mold, Hot pressing was always done under a vacuum (5 X 10‘2m of Hg)
as indicated by an ionization gauée at the main ouﬁlet tube.

All temperatureé were determined with a Leed's Northrup Opticai
Pyrometer, with;an-accuracy of iIBéC on the high range‘and + 14 ; * 2500
on the extra high range. The highest sintering temperatures were QOOOOC.
Since the extra high range is 1500—2800?C the.accuracy at 2000°C was |

. < . . . .
estimated to be * 20°C. The temperatures were obtained by viewing



through a quartz window and sighting on a horizontal éﬁrface of the mold.,
:This does not give the actual temperatufe of the sample but réther_a
felétive one, A thermocouple was used té determine the ten@erature of'
the sample for comparison with the optical pyrometer reading. As ex-~
pected, there was a lag in the sa@ple temperature on heating because

of the time needed to cpnduct.through'the graphite moid. For the calibra-
tion, the samplé temperature was>allowéd_to stébilize before readings were
made;l It was found that up.to_llOOdC there was little difference in the
témpératures after stébilization,_but'at 1600°C there was about 10G°C
difference, with the surface reading being low., These temperatu;e differ-
ences resulted when the sample temperature was alloﬁed.to stabilize:

When continuous heating was used, and time at temperature was short, then
there was a lag dué tb temperature gradients in the mcld. Equal rates

of heating were used and equal times at temﬁerature, go. comparison bet-
ween.heat treatments could be made.

. The‘starting mixturé of the'SSntered series was 11.561:.66 Nb-Sn-C
atom ratios. Sample S1900 S had tantalum added and it had a 1:.56:66:33
Nb-Sn-C-Ta atom fatio,-vThe particular atom ratios were established by
Chabanne} The amount of Sn used was morevthan-needéd to form a_network
of NbBSn because tin was lost by‘evaporatién andvmold léakage., The
powders for the sintered samples were mixed thoroughlyvby rolling. The
graphite was a finer mesh than tin and niobiumvso'caré.was taken to
insure the bést poésible mixing of_graphite. |

The heating cycle for the sintered series was as follows: a 1oad of
8QOO psi ﬁas applied and then the sample'was neated directly to the
temperature desired. The,samples.were cooled in a vacuum to the

annealing temperature. The 8000 psi load was removed after the annealing



LT

tréatmént. The heating cycle was varied for samples S1050 and S500.

A schematic of the heating.cycles is shown in Fig. 3& and 3b,

The primary processing variables were the sintering temperature
and the annealing time. For the Type A the sintering temperature Qaried
from i600°C to 2OBO°C, and the sinteringvtime was always 8 min. The
annealing témperature was always llQO°C'ana the time was either 15 min.(S)
or 60 ﬁin. (L). The sintering preséurefremained constant at 8000 psi.

The processing treatment_(Type B) was to achieve a better distri;
bution of Nb,Sn. The_temperature'T

5 1

coat the niobium grains prior to compaction at a higher temperature, A

was selected to allow the tin <o

low pressure was applied so the liquid tin would not be squeezed out,

" The annealing treatment was not used in this series.
S .-

3. ‘impregnatinngechniqﬁe

The porbus niobium for the impregnating technique was obtained by

screening -325 mesh powder throuéh a,—QOO me sh screen; and the. powder

~ which remained was used. This powder was loaded into a mold and hot

pressed at 1400°C for 30 min, with a pressure of 1000 psi. The porous -
niobium was impregnated with tin in a later treatment. The tin was loaded
into the mold along.with the porous niobium and heated as shovn in Fig. 3C.
The molds and hot pressiﬁg techniqueé were the samevasvoutlined for the
sintered ﬁype. | _

Sample.IMPl was heated to approximately 800°C:tovallowvthe tin to
£i11 the porous niobium. Two minutes at 1050°C were alloved for the

reaction of tin and niobium. The plan for this series was for the tin

to fill the porous niobium without reaction to Nb_Sn. A subsequent

)

treatment would determine the thickness of Nb_Sn film., A difficulty

5
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encountered was that, tin would not wet the niobium at a temperature

low enough to sufficieﬁtly reduce the niobium - tin reactioh.»

B, gSample Testing

The critiecal supérdonducting temperatures were detefmined inductively
and the transition tempefaturés Were_measufed_With é~caliﬁrated germaniuh
resistor. The values ieéofded'in Table I éfe accurate to 0.1°K. TFor
further disucssion on the crificai températures see M.S. thesis by
Roger Goqley,ls’ | .

The goal of this work was the study of the rela{tioriship'of the field
'properties and structure of these samples. Measurements wére made using
- the pulsed field'techniqué,Vand a schematic of the eéuipment‘is ghown ih B
Fig. 4. The sambles were mounted onto a prébe which used the standard
fbur connection résistivity arrangement. The sample was immefsedfin é
cryostaﬁ céntainingAliquid helium. The cryostat had a_special finger

to go ingide thé'inner diameter of the coil. To facilitate coolipg,the
coil was -immersed in liquid nitrogen. The samples were spark cut to-a:'
cross section of‘10f20 x.lO_Bcﬁ?. The ends_of ﬁhe samples wefe copper
ﬁlated to allow séldering the samples to the-current leads. The voltagé
leads were held‘against the saﬁpléS: by pressure. The;sample, sample
.holdef and ecoil assembly were made as rigid.éé possible to'minimize
electrical noise.

The direct fransport Current‘was'initiated_brior foathe magnetic | w
pulsé. Tﬁen,the transport current ﬁas shﬁf.off-atbthe beak field, as

shown in Fig. 5. This was éone to reduce heétiﬁg,:‘The»Change of =ample
voltage with'magnetic field was followed with d dual beam oscillosco?e

and records were taken with high speed polaroid film.



-

‘between JCS and J

~9=

With the sample cufreht zero the voltage induced in the wiring by
the magnet field vas recofded on the same picture. The Volfage curve
without transport current was then subtracted from the voltage curve with
transport current; the result is the vbltage change of thg gample.

The magnet'rise ﬁime was about_lo msec. and the maximum field avail-
able was about 220 kG. .At the—high'fieids‘the'coil was allowed to cqol
between pulses‘for 15-20 min. The éooling was to keep the coil from |
failiné and also to ieproduce'the field between recording the noise and
the actual test. |

The oscilloscope used was a Tektronfc dual beam with type 21-22 time
base units. Type D and E amplifiers were used for the fleld and sample

bvoltage respéctively. A type 55 power supply was used. The frequency '

-reéponse for the. sample voltage was 10 ke, If too low a frequency re-

sponse was used rounding of 'the voltage curve would result, and too

large a frequency response would show too much high frequency noise.

Figure %a shows the polaroid picture of a high field test and Fig,

5b a low field high current density test. Figure 5b shows a gharp transi-

tion from superconducting to normal, which'means there is little difference

eN® Also, Fig. 5b shows that there is little trouble
from electrical noise at low values of H. Figure 5a shows a test at a

high field with electrical noise'present..-This'ndise is recorded by

“pulsing the coil at the same field as the test buﬁ with zero -sample

current. The difference between the noige and the test voltage is the

voltage of interest.

The JCS curve ig obtained by plotting the field which’producés

the first detectable voltage versus the current dehsity. The JCN curve

wd -

oA
e
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is obteined by plotting the field at which the voltage ceases %o ‘Merease
égainst the current density. .The fesiétivity (pn) i; obtained from
the voltage dfop of the normal sample at 4.2°K, The registivity of them
sample at zero field is Pye These values are recorded in Table IIT. The
uppef critical field is obtained by extrapolating the JCN cu?ve to zero
.current. The extrapolatioh.was a linear‘extension of the curve. The
current -density and the field values are aécufate to Fh.

Electron beam hicroprobé analysis was made on samples S195OL,

S17508, S17350L and S500. Because of the multiphase structure there was

N

' difficulty distinguiéhing the phases. The surface was anodized and counts

were taken, the anqaized coating was removed and counts were again taken,
This technique allowed comparison of the counts anodized to counts unano;
dized, therefore comparison could be made between anodized color and -the
bphase. Care was.taken in removing the énodized ccating so as not to re-

lieve the surfacg. Any relief would change the takeoff angle of the

characteristic radiation. The composition of NbQSn, in the four samples - .

noted abové, was deternmined with corrections for absorption, background,
deadtime and inétrument arift. The results were calculated by computér.
For the other phases, the counts were taken with the anodized coating
present bécause exact analysis wag not necessary.

X-ray diffraction utilizing an X-ray diffracfometer weg also used
to 1ldentify the phases presenta The samples wefé mounted in lucite
mounts. The tube voltage was LOXV, currentllh ma, vatemeter time constant
5, cps range 200, x-ray source tube target cu, Ni filter; omega Of T.0.
4%, slits 1°, l°'and 0.002", Phases cther than WbC were not always -

observed because of their swall volume fractions,

o
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Anodizing With’Pickelsimer's golution with 27v for 6 min. at room
temperature fesulted in‘distinct contrast between phases. The‘phases
observed ‘are listed in Table IV, The sanples were prepared by conven-

. ; o tiohalvmetallographic teéhnique with the last polishing step, on 1lp
diamond. Sample IMP 1 presénted a problem polishing because of the
;fniobium_grains and large-volumeé of tin. The technique used for IMP 1

required a final polish of O.Bp alumina, H202 and NaOH in HQO.




=12a

IV. - DISCUSSION OF RESULTS

A, Microstructures N - ~

The superconducting critical currents can be related to the micro-

o

structures of the composite samples'investigated. The'émount and dis-

tribution of Nb,Sn and tin 1s important and were the reasons for the

3

varlations made to the procesging treatment. Phases other than NbBSn
and tin were present in all samples. -The phases and their distribution
are discussed in the following sections.

1. Sintered Type

a.,  Type A. The sintered type samples were a mixture of phases in which

NbC was usually the matrix and the Wb,Sn was dispersed around some of

b)
the NbC grains. The NoC anodized yellow and was easlly ldentified with
x-ray diffraction. Microprobe analysis showed that there was very little

tin in thé NbC grains. Nb,Sn anodized as a dark blue or violet color

3

and could be identified by microprobe. Nb,Sn could not always be identi-

3
fiéd with x—ray'qiffraction because the volume fiaction was too‘smaila
The phase which anodized as dark-bfown ié thought to be NbBSnE. The
. 'compositioq of the brown phase did not compare exactly with Nb38n2.‘
However, ﬁhe microprobe énalysis was done with the anodized coating

“intact and this could account for some of the deviation. A light brown

phase which appeared in varylng amount was checkéd for tin and none wasg

-

fo@nd. This phaée is'éhown in Fig., 6b and could ébsgibly be Nbgc.
Niobium anodized és a light blue and it was present in.SlTOBS. Also
present in most samples Qas excess tin and graphite, | |

The niobium—fin cbhstitution diagram hés been studied by many

14

Workers. Figure T shows the phase diagram proposed by Ellis et al.
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The composition of the intermetallics is a matter of disagreement,
The phases indicated in Fig. 7 will be used throughout this paper.

All three intermetallics of the niobium-tin system are superconduc-

ting. The T, of b, Sn, is 2.4 to 3.4°K and at 2°K the critical field

273
is 200 ¢t NbBSn2 has a T  of less than 2,8°K and its critical field
is 6OOG,2 M,Sn has a T_of about 18.,0°K and an H,_ of approximately

3 c , co
16

220 kG at 4.2°K. The current density of Nb5Sn at 88 kG has been shown.
5 216 : : L _ _

to be 10 amp/cm_.e NbBSn has the beta tungsten crystal structure

and it has been shown to exist over a range of compositions of (Nbenl_X)

= 0,80-0.72X when prepared at 1200°C, The lattice‘constant is about

6 : ' :
5.209A and ranges from 5.282-5,290 as x goes from 0.80—0.72.16

The distribution of the Nb,Sn is easily seen when the samples are

b

anodized.- For the sintered type the amount and distribution of Nb,Sn

3

was dependent on the maximum sintering temperature, as shown in Table V.

Comparing Figs. 6a, 8,’9a, 10a, 1la and 12, the amount Of'NbBSn can be

seen to increase with decreasing sintering temperature, The heating

cycle for these samples is given in Table T.- For these samples, the

amount'ef Nb_Sn was dependent on the'maximum temperature, because they

5

- were heated directly to the upper sinterlng temperature. The maximum'

reaction rate for Nb Sn is at about ]OOO C, and at 1hoo°c. NbC will form

3

in appre01able guantities. The reaction of tln w1th NbC is negllglble,

80 no Nb,Sn will form after MbC has formed. SampleS.SlYBOL and Sl7503

)

indicate the variation possible due to the mold condition.
The sequence of chemical reactions is believed to be as follows.

The mixed powders are compressed and heated. . The tin melts at 232°C °
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and will tend to segregate because of the lack of wetting., Upon further

3

in segregated regions of Nb_Sn. Further temperature Increase will result

temperature rise, the tin reacts with niobium to form Nb Sn, resulting

5

in carbon reacting with‘niobium to form NbC. Excess carbon was usually
found in two regions: 1) with the'exééss tin and not in solution;

2) surrouhded by a group of NbC grains., The carbon iﬁ the latter case
éould diffuse into the niobium andlform NbC but in the former case would

have to diffuse through Nb,Sn in order to react with niobium. Upon

3 |
cooling from the sintering temperature it is thodght that further

reaction of niobium and tin does not occur. The annealing treatment
, ‘ ,

‘allowed the excesé ﬁin to restore the stoichiometry of the Nb

3

Sn phasé.

b. Type B. The distribution of Nb.Sn was greatly changed by allowing

3
time for the tin to react with niobium before NbC formed. Examples of

i

the microstructures are shown in Figs. 13 and 1k, Sample SlOSO has a

large volume of well diépersed ¥b,S8n, but is not a continuous film.

3

Some grains of NbC are coated with a film, but the major proportion of

NbBSn is in large globular shapes. The phases present are NbC, NbBSn

and NbﬁSng(dark brown phase)., This brown phase is distributed the same

‘as NbBSn and quite often breaks up the continuity of. the Nbasn. Assuming
the dark brown phase is Nb5Sn2, it probably formed upbn-cooling because
NbBSng is not stable above 930°C.

The grain size of sample S1050 is quite small compared to other
samples. The reduction of grain growth is probably due to the coating

5

original vowder size of the niobium. The niobium powder size is -325 mesh;
& & 2

of Nb,.Sn around each grain. The grain size is very close to the

and most of the powder will go through a screen opening df10.0017 in,



~ temperature for maximum Nb

Measurement of the grains at 1000x shows that nearly all are smaller

than 0.0017 in.

Sample $5500 was given a similar treatment to that of S1050.but the

temperatures were somewhat lower. The result was a greater percentage

-of'Nb Sn in S500 than in 81050. The Tl temperature was lower than the

Sn reaction and also lower than T. of S1050.

3 1

The upper temperature of SSOO could account for the greater amount of

3

NbBSn since 1t 1s lower than that of $1050. The NbC would form Slowef

thus allowing the tin more time to react with the niobium. The phases

which were present were NbC, Nb,Sn, Nb3Sn2 and Nb.

3

2. TImpregnated Type.

The impregnation of porous niobium with tin was used to control
the distribution -and amount of NbSSn. The method used was outlined
earlier, and the result‘isrshbwn in Fig.~l5. However, tin would not -

penetrate at a-temperatufe low enough to reduce the reaétibn of tin and

niobium, If the tin could fill the niobium compact without reaction,

- then the amount of Nb_Sn formed could be controlled;

3
The phases present in IMP 1 are listed in Table IV, The presence

of NbBSn is confirmed by the high Tc’ and the matfix anodized blue as

niobium does, There was a yellow brown phase of undetermined composition:

Sn, CompariSCﬁ’was made of the

17

which was more continuous than the Nb

>

anodizedvcolor with the results of Enstrom et al. The'niobium and

ijSn are similar, but the yellow brown does not match anything listed.

Since uﬁreacted tin is observable in IMP 1 the yellow brown is not the

yvellow listed by Enstrom et al. X-ray data give peaks which are conmon
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to both Nb38n2 and Nb,Sn, phases, so it -cannot be concluded which of

273

‘these tWO'is the yellow brown phase,

B. J-H Relationships ‘ {

l. Sintered Typee.

.The J-H curves shown in Fig..16 are fbfvthé Type A sintered samples.
The curves shown arg JCN curyes in which t?evsample has changed to the
normal state resistivity. The differehces in the current densitieé
are discussed in=another‘p5rt;of this repért. The exfrapolation;to'
J = 0 gives the value for;Hca. The'extrapOlaticn wasfdone as a lipear
extension of the curve rather than a vertical extrapolation which is the
usual shape of the curve; .The éxtrépblated H¢2 values are high because
of this. A'lineér exfehéion was used because the vertical drop would
héve depended on the highest field obtained for that fesf. In some
tests the noise Qés balancedvand compéhsated fof more éffectifely, thus
higher field_déta couldvbe obtained for some samples.

| The.diffErence between the sintering tfeatment with a plateéu

(Type B) and without the pléteau (Type A) is illustrated in Fig. 17.
Since the curreﬁt dénsity is determined by the cross section of the

total sample, increasing the volume fraction of Nb.,Sn should_inérease

v 5
the current density of the total sample; The results shown in Table

VI do not show this trend because of the effect of the other phases such as
_tln and NbBSHQ'
The J-H curves shown in the precedihg figures show  only a JCN

curve, -There is no JC shown because these samples had a voltage dro§
S

for the lowest field measureable. The voltage at low field is attributed

to NbC, Ib.C, NbBSng»and tin which are the phases linking the

2
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discontinuous NbBSn. It has been shown that NbC has a JcN of 10-15 kG
' _ : 8
at the current densities used in this experiment‘l The NbC is in the

normal state for most of the field pulse of this experiment, so there is

a voltage drdp due to normal NbC. The heating from the normal NbC

~could also cause the Nb_Sn to transform prematurely to the normal state.

5

The results shown in Table VI do not show this trend'because of the

affect of the other phases such as tin and NbBSne. JCS'for NbBSn has

been determined in a Eteady field by'Montgomery.l9 If the Nb3 Sn was

continuous in these samples Similar’JcS curves would be expected. At

cé approaches the JCN S0 a sharper
transition results. This can be seen in Fig. 5b. TFig. 5b illustrates

hoW.NbC controls the transition at lower fields. There is little'measﬁr—

lower and higher current densities the J

able voltag'fe‘up to a field of about 10 kG above which it is seen that the
transition to thé hormal.state occurs over 'a small range of fields. At
low fields and high éurrent densities the properties of'these samples
refléct the NbC properties more than tﬁe properties of NBBSn. The

Sn to become normal siﬁul-A'

3
taneously with the NbC.' At high fields and low current densities the

heating from the normal NbC will force the Nb

NbC causes some heating, but does not cause the Nb,Sn to become normal

)

simultaneouslvaith'the NbC. " The current densities of these samples

at high fields is about 1/5 - 1/10 of Nngn. The volume fraction of

Nb_Sn could account for this,

5

The resistivity pé of the sample at H = O increases as the amount

" of Nb,Sn decreases, as illustrated in Table VI. This is expected be-

5

cause the distance between the superconducting phase increages. Figures
18a and b shows the relationship between the voltage and field for samples

519308 and S1730S. The resistivity Py represents the voltage difference
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between the noise and-sample voltaée at H= 0, The higher Py valugs
correspond to the samples‘with the least amount of ijSn. Sample S1050
does not completely follow thié trgnd. The disfribution of NbBSn accounts
for the low pe.- |

The rise time of-the magnétiévcoil'in this experiment is about 10 : .
millisec, and.at 200 kG a dH/dt = 2x107 G/seq results. Flippengo found- .

that the resistive transition of Nb,Sn was ldwered to 75 kG- at ldw‘current'

_ 5
' densities when dH/dt of 5x10;0 G/sec..:In a steady field at a similar
current density the resistive critical field was 200 kG. . Hart et alel

in their study of Nb,Sn in pulsed fields found a decrease of the critical

>
current witﬁ the faster pulse. The sloWgst coil had a'maxiﬁum dH/dt =
l.6xlO7 G/sec,_énd thevcritiéal current.did ﬁot.vafy when this rate wés
.decréased b& lowering £he maximum field. The ﬂ;ster'coil Hart ef. al -
used had a maximum.dH/dt =v6x107; Tt was found that near the peak.field
‘the transition was ﬁigher £ecause of the decreased "dH/dt. Flippen found
that ﬁbBSh in céntact with'hiobium had a resistive critical field of - |
iess than lOQ kG when fhere was a [ kG'steady‘field supérimposed to keep
tﬁe hibbium normal;' This low criticalvfield is attributed to the normal
niobium. The nérmal niébium cOﬁld be éimilar to the éffect observed in
this work in which the NEC matrix is normal at a very low field. -In
this work théiNbC matrik, rather than tﬁe pulsé rétg,fis thought fo.be
regponsiple.for the low Jés’ | |

2. Impregnaﬁéd Type.

The best sintered tYpe sample is compared with thevimpregnated type
sample in ¥ig. 19. The similarity of the curves is épparent; The

impregnated sample has Nb,Sn surrounding grains -of niobium and the

b



Vsintered has M

3

gimilar distribution of NbBSn and both have a good deal of free tin.

Sn surrounding grains of NbC._‘The tﬁovsamples‘have a

The,piobium grains of sample IMPL would be normal for the majority
of the field test,-as would the NbC grains of'SlOSO, The niobium has a

lower resistivity than NbC so less heéting would occur in sample IMP1,

Less heating would result 1h a high JCN'curve, but IMP1l has a smaller

volume fraction of Nb_Sn than S1050.

3

Ce H02 Versus Tc

It was shown in the.thegretical section of this paper that the upper

‘critical field varies approximately linearly with Tc; The slope of this

relationship is the_product'pﬁy, The coefficient of specific heat 1is

proportional to N(0), the density of states at the Fermi surface, and Té

1

is pfoportional to. ¢ =~ 2ﬁ?6jvf- - As the COmbosition of Nb5Sn approaches

stoichiometry from niobium rich the TC increases, The increéée in criﬁical
temperature is due to an increaéé in Ve

'The.extrapoléted HC2 values of thé_siﬁtered type samples are plotted
versus Tc.in Figf.20, with a nearly linear relationship resulting. If the
equation HcE «'pn v TC is used, the'lineérity is correct if Py remains
constant. Table VII gives the daté for these samples.

The produ¢t P is gOnstant because the cgEfficisnt of specific

héat (y) incréases‘as.fhe.éompdsition approaches stoichiometry, and the-
resistivity=would be. expected to decreaée,as the composition'approaches
stoichiometry, | | I

The results fbr_samplé 5500 and S19C0S- are nbt plotted because they‘

deviate from the plotted curve., The data for S500 would it a line with
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a smaller slope. The smeller product (pﬁy) is thought to be due to a
low Py The iow rgsistivity_could be because of the 1500°C gintering
vtemperature.' The data of Sl9OOS woﬁld fit a line with a larger .slope.
The tantalum added to this sample would lower Y but raise pn. The re-
sisti#ity must increase more than Y, because the_product phv increases.
Thé microprobe analysis of the'composiﬁioné éhows that the tin
composifion decreases asg the Tc decreases. This same result has been
repofted by Bachner22 where thefvacancies resulting from tin losé arelfv
filled with niobium éfoms. fhis results in the breaking up of the aio-
Biuﬁ atom chains in thé.érystal.- In this work the tin léss wag restored
by aﬁnealing at 1100°C whén there was free tin aﬁailable to‘réstore'tﬁe_
stoichiometric compogitidn. Comparisbn of S195OL.and Sl95OS illustrates
this. A éinteripg teﬁperature of 1600°C and a‘60*min. aﬁneal resulted
in the highest T . Théa upper éritical f_‘ield.'(Hcg) of samples S1950L, |
>SIVBOS andeIYBOL deéfeaSes with increasing niobium concentration.

This variation is expected because of .the relationship of Hc2 to Tc"

D. Critical Currents

1. Sintered Type

The effect of sintering temperature of Jon 18 shown in Table\VIII;

N
The results show that the current density of the Type A composite at

120 kG increases with increasing sintering temperature at a constant

annealing time. Increased annealing time at an equal sintering temperature

Sn phase

5

are separated more than the composite current dengity because the samples

decreases the current density. The current densities of the Nb

sintered at the higher temperature also have the lower volume fraction

of NbBSn. The trend bLetween samples 819308, S17508, S1650L, and S81750L
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is to have a lcryl JC 'the WOIer LhP sintering temper a1uL or the longer

the anneal. This de”rvake in Jep does not follow the change in Tc or
’ . . R Y .

fthe.Nbﬁsn composition. The JCS curve is the first measurable voltage

and is explained by the moverent of flux lines. The pinning force on

7

uhe Flux 11ne is overcome at J; . Jé' is a measure of the transition
T . i N
N : :

to thevnormal state andvthe variation of Jc&‘with theée gamples seems to
»depond on the di strlbublon of phases.

If the Volume‘fraction ovabBSn is accounted for, the current den-’
sitie; of thesé samples are lower than those reported for Nb5Sn.23'
Monﬁgomery's samples have current dens L es at. 120 kG of 2 - 7 x‘lO.h
'amn/ 2 ,The sample ékl.p ‘*ed in thl“ work have current donsztles of
66 - 5 L x lO amn/ 2. The lower values could be due to heating wnlch
resalts from the rormal FbC

Another factor is'the amount of:unreaéfed tin vhich is present. Thig
:tin pould carry séme of the;current withoﬁt too much loss evéﬁ_'though it
is in the normal étate.- Th;s ef%ect can be seeh.by coﬁparihg-samples
SlO5Q and Sl?fOS, in which 817308 hus the larger volume ;ravulon of
NbﬁSn, but a JCN of 1/3 thut of SIO5O S1050 has a large amount of
unreacted tin, and>thi$ tin may carry current with lsss heating.than
the NoC.  The unfeacted £in could‘aiso expléin thethigh'JCN?'qf sémples
819308 aﬁd SlQﬁOL.r

The sintering treatménﬁ does not seen to affect the JC- of the
cOﬁpqsite sample by the resulting ijSn distribution. Table_IX.shc#s

there is no cor rdﬂilon oet#een ﬂ I, Sn and J, of the Lobal cémn1e. The

73 CN

arount of tln which is pr=sent is Lhe conirolllnv factor.

2. I‘nm'e»nd :d_Type

Sanple IMPJ kad unreacted tin as well ag niobium. rrajnu. Pure-
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niobium has a resistivity of about 5u chm-cm at 4.2°K compared to about

10p ohm-cm for Nb,Sn and l‘pohmrcm for pure tin. The combination of

5 _
tin and niobium could carry current with less voltage drop than normal
NbESn. The current density of the NbBSn would be‘decreased when the .

Wb, Sn resistivity in the mixed states rises_abovg the resistivity of the

3

‘Nb-Sn combination.

E. Resistivity

The ndrmal'state resistivity is an important parameter of a super-
- conductor, since the mean free path can affect‘thevcritical temperature
as well as He,+ The recorded resistivities are for the total sample,

and the volume fraction of Nb,Sn and tin affect ‘it most.

5
Téble VIII iistS'the resistivity values, and it can be seen that
there isfno relatiohship-bétWeen bﬁ and‘Tc.' Tc.will usually deérease
with a"vde‘cr'ea-se in'rpeah_‘:f.“ree path, ‘and the only sample that _exhibits'
.this decrease is Sl9OCSQA The high pﬁ_is accompanied by a low T due
to the tantalun which was addeds Niobium and tantalum are 100% soluble;
SQ sane of the ténalum could_have feplaced some of the niobium in the
WbsSn structure. Thg Tc of 1458?K would not be tﬁat of TaC, because
TaC has a T of 9—]-']_.1&°IK18.‘ | : | '. ‘
The resisti&ity at 4.,2°K of stdichiomefric’NbESh‘is-about 10
' pohm—cmeu.and NbC is 35.1 nohm—cm,l8 aﬁd pure tin ébout‘l uohm—ém.}l
The resistivities of the samples are 2 to 3 times abovéfﬁhose'of NbC
and can only be explained by heating effects. The,resistiyities are
calqulated_from the voltage drop along the sample whgn it has trans-

formed to the normal state. If heating occurred beéausé of the normal

NoC phase, the resistivities would be increased. .

3
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The most intéfgéting compafison is thaﬁiof'bn for IMP1 with the
sintered type samples. The low resistivity is aﬁtributed to the niobium
grains and excess tin. Also, tﬁe samples with the lowest_resistivity
pn (519508, S1950%, 81050) are those which have the most excess tin.

Sample S500 has a low oy because of its large volume fraction of NbBSn.
51050 has a large: volume fractionvof Nb3Sn. 81050 has a large volume

fracpion of Nb_Sn as well as excess tin.:

b
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V. SUMMARY AND CONCIUSIONS

' The sﬁperconducting properties of composite Type II superconductors
have been determined, and the resnlts are similar to the work of others.

~ The sintered samples resultedvin graing of NbC coated with Nb_Sn, and

b

the impregnated éamples resulted in niobium grains coated with Nb_ Sn.

3

A, Sintered Type o

- The sintered :samples were shown to'ébey the relationship HCE o« Pn Y Tc'
The best propertieS'obtainéd are as followé! ‘

l~_

ey
a.
il

3000 amp/éma (composite) .

N
2. Ty = 53,700 a,mp/cm? (NbBSn ‘only)
3. T, = 17.8°K sintered at 1600°C
b He, = 23k kG

. The critical temperéfﬁré of 17.8°K correébdﬁdéd to an NbBSﬁ Compositioﬁ '
of 75.3 at % b. |
The criticaIACﬁrreﬁt:(JCﬁ) wés highesﬁ-when large amounts,bf tin Were 
present. .The critical current (JCN) did not varybwith Tc or NbBSn'compo_
sition.. The loﬁ'gfitical,¢urrent (JCS)_Of these samples is attributed

to phases which seperate the Nb,Sn and are not superconducting or have .

5

lower field properties.

The percentage of Nb,Sn in the compbsite was'dependentﬂon,the gin--

b) ,
The higher this temperature the less NbBSn. The
to about 1050°C.

tering temperature Tl’

distribution 'of Nb,Sn was greatly énhancéd by.lbwering T

5 1

The resistivity of these samples is a measure of the composite resistivity

and was lowest when excess tin was present.
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B. .Impregnated Type .

- ‘ The impregnated samples had a good distribution of ijSn. The pro-

erties of this series were:
P .

1. JCN_ = 3400 amp/ch (composite)
2. T .= 17.6°K

c .
3. Hey = 225 kG

. : The achievement of‘a‘thin3continuous network of Nb,Sn is dependent

b

on the tin wetting’the niobium powders. This is true for both the sintered

and the impregnatedksamples a suggestion for further work is the addition

of a wetting agent to the tin; Both samples S1050 and IMP 1 could be
. improved with this technique.

The best properties for a sintered sample were: H_, = 230 kG, Tc = 17.2°K

c2
and JCN = 5000 amp/cm?. The properties of the impregnated series were!

He, = 225 G, T = 17.6°K and J. = 3400 amp/_ 2.

g
5



2B
APPENDIX.A .

The upper critical field of a Type II superconductor is dependeht
on k and Hc' The relationship for Hc given by Gor'kovh is:
. ) . :
B, = [ 1.77 - 0.43 (T/T )2 + 0.07 (2/T, "1 « H, = A(t)cH,

- [ 215 (3)/er /2 ep v /2/1%y)

Hé = 2, hz [ 1 - (T/T ) ]

With substitution for x and Hc the equation for Hc is ¢
e o
H
€ T

1/2

- 22 A(t) [ 2s/2n 12 [ ety 1oye, [1 - (1/2,)2)

where: -
= Electronic chargé in emu
‘kB= Boltzmann'é‘cdqstant __ 
pn= Normal state resistivity
Y. = Electronic épécific heat.céeffiéient/ unit vol.
Té=.critica1.pemperature | |
T = Temperature
»VThe teéting condf%iéhs for this expefiméhﬁ;with T ; 4,2°K and |
fc } 16 - 18 °K (T/Tc)a-aﬁd (T/chh have 1it£i¢ éfrect'on the relation-
ship for H . The relationship for Hé can_bevsimplifie@ asvfgllowsﬁl

‘2 ' R

H « pnch
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Table I. Processing Treatments and Results

Processing Treatment

...“Eg.-.

Sample Texp. T Time Pressure © Temp. T, Tinme Pressure = H_ (kG) TcoK(a) '
o (e) (min) (psi) - (°c) (min)  (psi) 2 '
Sintered  $20305'P) 2030 8 8000 T 1100 15 8000 16.0
Type A !
S1950L - 1950 8 8000 A 1100 60 8000 23k ©17.3
519305 1930 8 8000 - 1100 i5 8000 200 15.9
519008 19oo'v 8 8000 1100 15 8000 21l - 148
518508, 1810 8 8000 . 1100 15 8000 : 16.3
517308 1730 8 8000 1100 15 8000 220 - 16.7
S1730L 1730 8 8000 1100 60 8000 215 16.4
| S1600L 1600 & 8000 1100 60 . 8000 | 17.8
Sintered 51050 1050 30 1000 1880 8 1000 230 17.2
Type B - o : ' _ | '
: S500 © . . .. ~500 15 2000 © 1500 15 2000 215 17.8
_ Impregnated S . — ' - ;
Type oIl ~800 15 1000 1050 ‘2 1000 225 - 17.6

(a) TCQK refers to the temperature at a median voltage.

(b} S is for .the 15 min anneal and L is for the 60 min anneal.
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Table II. Starting Materials

Material

'Company ‘ Mesh - Purity
Nb. Kawecki Chemical Co. = = =325 99.9% -
Sn Cominco Elec. Natl., = -200. 99.999%
C Union Carbide Co. - . (a) < 2 ppm
Ta ‘Fansteel : .. 1200 to -325 ‘ 99.9%

" (a) Spectroscopic Carbon

P



‘Table III. Current Densities and Resistivity Data

. Sample - J a.mp/cm2 (a) J anip/cmg (ﬂ_ p (uohm-cm) (e) 0. (nohm-cm) ((_i-) %Nb.Sn (e)
. Cm : °y n 2 37
(at 120kG) (at 120xG)
siatered  gon30s 0 - N | - T.5 3
Type A - .
$1950L . 1,030 12,900 69 2.4 8
. 819308 1,610 53,700 Lo 6.1 -3
819008 . 980 ‘ IR 112 - ’ -
'S17308 - 1,020 3,520 . S111 0 .29
S1730L 800 : 6,660 120° 2.9 - 12
S1600L : : o 19
Sintered ' : o -. | . '
Tyve B SlOSQ | 3,ooo; 27,200 . 2 0.5 11
$500° 1,700 - 11,300 48 - 15
Trpregnated e 1 300 - ‘ ";_-_ _ S - . -."_ : )
Type > o : ' o

(a) . Current density Of'cdmposite

(b) Current density of NbBSn phase

(¢) :pn: resistivity of normal sample at L4.2%%
bt resistivity of sample at H=0 and L4.2°k

(e) - Determined by lineal analysis of photomicrographs




Table IV. Phase Identification

Sanmple ] - Phases Present
NbC © Nb,.C Nb_Sn Nb.Sn, ‘Nb _ Sn
SN G I A ST S I bt
(yellow) . (1light (dark blue (dark (1ight (light
' ' brown) or violet) brown) blue) yellow)
Sintered _
Type A £20308 X - X X - X
S195CL X X X X - X
§19308 X - X X . - x
519008 x x x (8 - x
517308 - X X x - _x -
SiT730L X b.d X X - -
S1600L X x x - x -
Sintered : N ' ' ‘ - - ‘ ' (a) :
Type B SlOSO_ X _ o= X X e T x
| s500 . x . - x -
Impregnated op 9 L - x «(2) x X
Type . .

(a) red brown .

(b)" yellow brown - possibly Nb5n, -

(¢c) TNo positive identification of composition

Tﬂgf



Table V.

“35-

Sintering Temper'atu're Versus % Nb_Sn

3

. Sample % Nb3_S_n__ B Si.n'tering Temperature °C
520308 3 2030

S1950L 8 1950

S19308 3 1930

S1730L 12 1730

S1730S 29 1730

31600L»V 19 1600




. Table VI. Comparison of J_ and‘p2 to % Nb_Sn

36w

519308

. 3
Sample J (amp/cm2)(a) J '(amp/cmg)(b) o (uohm-cm) % Nb_Sn
CN v cN 2 3
@ 120 kG @ 120 kG
Sintered $2030S - - 7.5 3
Type A L R .
- 519308 . 1,610 53,700 6.1 3
S1730L . 800 6,600 2.9 12
S$1950L 11,030 12,900 : 2.4 8
517308 1,020 13,5200 . 0 29
S1600L - - - 19
Sintered 81050 37,600 37,200 0.5 11
Type B i '
| 5500 1,700 11,300 - 15
(a)_v Current aensity of composite
. (b)‘ Current density ovabBSn phase .

Table VII. Comparison of No_Sn Composition to H, and T
Sample b at.% snat.%  H_ (k) T_(°K)
$500 75.3 obh.7T . 215  17.8
519501 75.7 2b.3 23k 17.3
S17308S 77.6 Se2h . 220 1607
S51730L 8.4 21,6 215 16.4
51050 230 17.2

201 . 15.9




Table VIII. Comparison of Processing Treatment %o Jey and pn

-Sample  J. (amp/cmg) a) . J (amp/Cm2)(o) o Tc - T Anneal Time
~N C‘T , T . n . l ) -
. (at 120%G) (at 320x¢) = (uwomm-em) (°x) {°C) (Min)
Sintered Y1 aap L L _ - o Te © ean -
Tyve & 519308 1,610 . 53,700 - ko | *;.9, 1,930 15
817308 1,020 3,520 T111 16.7 - 1,73C 15
S1950L 1,030 12,900 69 17.3 1,930 6o
S1730L 800 6,600 120 16.% 1,730 60
. S19008 980 ' - 112 L - 1,900 15
3t ag - - 7 .
;i;ngcéed §5060 - 1,700 . . - 11,300 48 7.8 1,500 0
4, p~ - . . . B . N ‘ i
, S1050 3,000 - 27,200 , 2L 17.2 ° .1.,880(c) 0
broregnated  pun g 3,500 . e M 17.6 1,035(‘?> 0

m. .
Tyne

(a) Current density of composite
(v
(c

) Current density of NbgSn phase
) T |

2

Sample JCN(amp/cm?)(a) y Nb3Sn
(at 120xG) B

519308 - 1,610 g

s1730s 1,020 299% )
51950L 1,030 8% k
S1730L | 800 R

8500 1,700 . 15%

1050 - | 3,000 - . 11%

(2). Current density’ of composiie
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Table X. Physical Properties of Nb.Sn

- H
o

'..y .
Hcl(h.2°K)

15.9 - 17,8°K(median)(a)

200 - 235 kG(a)

5.282 - 5.290% prepared at 1200°C

10 - 30 uohm-cm

: 883_
- 29C08

- 3808

34

2600 gauss

l.5x10—2cal/mble—deg‘

188 G when T-c = 18°K Hé = 200[1 - (T/Tc)g]

1

Reference

16
ol
25

25

2h
2k

2k

25

(a) - Values from this work ' - »
(b) Obtained from Eq. 3 with A = 2900 & and « = 34
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' : . 0 NORMAL
SUPER- - | a
comoumml MIXED | NORMAL §.
= A ES
k L0 =
T ’ : T
| C
: SUPERCONDUCTING
| | - '
He, He He, " TEMPERATURE (°K) ©
APPLIED MAGNETIC FIELD Hg , o
(a) : (b)

Fig. 1 a) Magnetization versus applied magnetic field
for Type I and Type II Superconductors

b) H (t ) versus temperature with curves for

COR
cl(t') and ch(t ).
H J
| |‘—€—-
N

(a) | o (b)

: XBL 688-5788
Fig. 2 a) Decay of magnetic field near quantized
flux line.

‘b) Current density 1n vieinity of quantlzed
_ flux line.
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" Fig. 3a Schematic of'sintéred»Type A processing treatment.
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_Jr_______

Fig. 3b Schematic of sintered Type B processing treafment.
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Fig. 3c " Schematic of Impregnated Type processing treatment.
' - - ' ' "XBL 688-5790
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_ Vdc  CAPACITOR
'— | BANK = ——

: o ({DISCHARGE

| C?éf:/ _Ii* » ,,varrC*i

*sHUNf_
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, _ | _ XBL 688-5787
Fig. U4 Schematic of pulsed field equipment.
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Fige S5a Pulsed field record of sample S1950L,
Maximum H = 196 kG and J = 495 amp/cm®,

XBB 688-5111

Fig. 5b Pulsed field record of sample S1950L.
Meximum H = 26 kG and J = 3,240 amp/cmg.

g
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Fig. 6a Sample S1730S. Anodized. 250x

XBB 688-5054

Fig. 6b Sample S1730S. Anodized. 1000x

1-NbC 2-Nb,,C | A-NbBSn
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Fig. 7 Niobium-Tin constitution giagram
proposed by Ellis et al.l
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Fig. 9a Sample S1950L. Anodized. 250X

XBB 688-5061

Figs 9b Sample S19501. Anodized, 1000x

1-NbC 2-Nb20 L-Nb

3 372

Sn  5-Nb_Sn T=Sn



Fig, 10a Sample S19308. Anodized, 250X

XBB 688-5053

Fig, 10b Sample S1930S. Anodized, 1000x

1-NbC L-Nb_Sn 5-Nb Sn2 T-Sn

3 b



Fig. 1lla Sample S1730L. Anodized. 100X

XBB 688-5055

Fig. 11b Sample S1730L. Anodized. 500x

1-NbC  2-Nb,C 4-Nb_Sn 5-Nb,Sn

3 372
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XBB 688-5057

Fig. 12 Sample S1600L. Anodized. 250X
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Figs 13a
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Fig, 13b Sample S1050.
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Fig. 1la  Sample 8500. Anodized. 250x

XBB 688-5059

Fige 14b Sample 8500. Anodized. 1000x

1-NbC 3-Nb L4-Nb_Sn 5-Nb

3 3

Sn2 T=Sn
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XBB 688-5060

Fig, 15 Sample IMP 1. Anodized. 500X

3-Nb )-L-NbBSn 6-1\]b28n5 7B
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Fig. 16 J. versus H. Sintered Type A samples.

N

Jc is transition to normal state.
N

H is applied magnetic field. H J_J.
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SI950L TYPE A
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Fig. 17
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Jc versus H. Sintered Type A and Type B
N

samples. JC is transition to normal state.
N

H is applied magnetic field. H _[_ J.
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Fig. 18a Pulsed field record of sample S1730S.
Maximum H = 196 kG and J = 510 amp/cm?
P
2

XBB 688-5112

Fig. 18b  Pulsed field record of sample S1930S.

Maximum H = 196 kG and J = 695 amp/cm?.
Py = 0.42 pohm-cm
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Comparison of sintered Type B
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normal state.

E | 3.

N
H is applied magnetic field.

H(kG)

XBL 688-5792



CRITICAL TEMPERATURE (°K)
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UPPER CRITICAL FIELD, He, (kG)

_Fig;.EO Hc versus Tc' ‘Blope = pny assuming
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this reports

As used in the above, '"person acting on behalf of the
Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






