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THE SUPERCONQUCTING CRITICAL CURRENT MID CRITICAL FIELDS 
OF Nb

3
Sn-NbC and Nb

3
Sn-Nb COMPOSITES 

RUSSELL,JONES 

Inorganic Materials Research Division, 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 a Type II supercon-

ductor are dependent on certain microstructural aspects. These proper-

ties have been studied using composite samples with Nb
3

Sn surrounding 

grains of NbC and niobium. Two types of processing treatments have 

been examined resulting in desirable composite microstructures with 

good critical current and field values. 

Films of Nb
3

Sn surrounding NbC grains were obtained by hot 

pressing powders of niobium, tin, and graphite. Films of J'.lb
3

Sn surround

ing niobium grains were obtained with-presintered porous niobium impreg-

nated with tin. Metallography, x-ray diffraction and electron beam 

mtcroprobe were used in the examination of the samples. The critical 

temperatures wer e measured and the field properties were determined using 

the pulsed field technique. The highest critical current (JCN) obtained 

was -53,"{OO amp/cm
2

• l'he highest critical temperature was 17. 8°K, and 

the best upper critical field (rr ) was 234 kG •. c2 



I. INTRODUCTION 

The critical fields and critical currents of a. 'rype II superconductor 

are dependent on certain micr~structw:'al aspects. The cri t ieal fields are 

dependent on the average number of electrons per unit volume and the 

normal state mean free path of the electrons. The upper critical field 

is also a fW1ction of the dimensions of the superconducting phase. The 

critical currents of thesuperronductor are affected by the type of pinn-

ing sites ,vhich are operating. 

Previous work by Chabanne
l 

1fith a. composite Type II superconductor 

resulted in an HC2 of 2~.Q kG. 'rhe composite 1-ras NbC grains coated with 

the high field Type II superconductor Nb
3

Sn. The effect of processing 

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
3

Sn was studied. 

Films of Nb
3

Sn surrounding NbC grains Were obtained by hot pressing 

powders of niobium, tin and graphite. Films of Nb
3

Sn surrounding niobium 

grains were obtained with presintered porous niobium impregnated with 

tin. 

The resulting microsti'uctures were examined metallographically, 

and X-ray diffraction was used to id'entify the phases. The Nb Sn com-· 
3 

position was determined with the electron beam microprobe. The critical 

temperatures were measured inductively, and the field properties were 

measured. with pulsed fields. Correlations have been made between criticiU 

currents (.r) and field (n), the upper c:i'itical field (HC2 ) and critical 

temperaute ('rc), heat treatment to critical current (.r eN) and % Nb
3

Sn, ahd 

Nb
3

Sn composition to critical temperatw~e (Tc ). 
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II. SURVEY O}<' THEORY 

A. Critical Fields 

A superconductor in a magnet5.c field 'vill transform to the normal 

state 'vhen the magnitude of this field reaches a critical value. There 

is a single critical field for a Type I superconductor and two critical 

fields for Type II superconductors. 

A Type I superconductor in an external field excludes the flux to 

a field H = H (T). A Typ~ II superconductor enters the mixed state at 
c 

2 
HCl (T) and remains superconducting to HC2 (T), as shown in Fig. I., The 

penetration of the flux above HCl is favora.ble ,,,hen the surface energy 

of the normal and superconducting phase is negative~ This condition 

is metvThen K > 1..[2 or 'A > ~. Kappa is a dimensionless parameter which 

characterizes a superconductor and is equal to 'A/s. The flux penetrates 

as a quantum of flux. - The flux core of diameter s is nOl'lral, and the 

field penetrates the superconducting phase to a distance 'A (Fig. 2).3 The 

penetration depth ('A) is the depth to whi ch the magnetic field decays to 

a certain value in the superconducting region. 

4' 
The upper criticaJ,. field as given by Gor'kovhas the following 

relationship: 

"There: p = Normal state resistivity. 
n 

_ 'Y, = Coefficient of specif~c heat. 

T = Critical temP2r~ture. c 

See Appendix A. 

(1) 

The p<'1.rameter I( is a function of the mean free path of the electrons 

in the normal state. Alloying, increased dislocation density and any-

". 



-3-

thing that decreases the mean free path (£) will increase K. With cold 

working, K can be made to :!..ncre~se from <.707 to >.707, and the super .. 

conducting behavior will ~o froJ'!l Type I to Type II. 

The above relation indicates that increased resistivity will in-

crease Hc' "Cold work usually introduces a statistical .distribution 
2 

of values of Hc so that a magnetization C1.1.rve exhibits a tail at 
2 . 

higher fields and approaches zero magnetization asymJ;totically so that 

measurement of Hc is difficult~1!5 
2 

The value of H has been shown to increase when the size of the c2 
superconductor approaches the dimensions of the penetration depth. The 

following relationships approximately describe the dependence of Hc (t) 
2 

with thickness: 
6 

for L< d < S (t) 

. Hc2 (t) ~ (Tc/L)1/2 (l_t//2/d (2 ) 

d = thickness of superconductor 

t = T/T c 

L = meap free path 

This equation is valid when d < S (t), but when d < d there may c 

also bean increase in H (t). The following give the relationship for 
c 

The critical thickness Cd ) is the thickness belovr which there is a 
c 

significant ~ncrease in H
C
2'. 7 The critical thickness (dc ) for I'Jb

3
Sn 

. '* 
e'quals 380 oA. 

* o 
Obtained from Eq. (3) \~ith A = 2900 A and K -- 3L~ • 
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B. Critical Currents 

The critcal fields indicate the. behavior of the superconductor 

when there is no transport current. ~fuen transport current is present 

the superconducting transitions are determined ,by the Lorentz force on 

the quantized flux. In the mixed stat~ .. a Type II can carry current 

without loss if the quantized flux lines remain in static equilibrium. 

If the Lorentz force (JXH) is large enough .. the flux lines will move. 

The current density is J and the total magnetic field is H. The move-

ment of the flux lines is said to give rise to the voltage which appears 

in the mixed state. A Type II superconductor, in the mixed state with 

J1H, and in a field hi9h enough to cause flux movement J will not carry 

current w'ithout loss. The first detectable voltage is termed the J cS ' 

and Jc . N is the transition to the normal state. It has been shown by 

Kim8 that the critical current density (Jcs ) for Nb
3
Sn obeys the 

following relationship.: 

,vhere ex is a measure of the pinning strength of the materialJ and 
c 

(4 ) 

B "'-'.HCl•
9 Dislocations are known to act as pinning sites, as well as 

a finely dispersed second phases. For a normal second phase it has 

been shown that J cS ' decreases 1-1ith increasing interparticle spacing 

(decreasing volume fraction) and increasing particle size (once the 
. .. . J 

. . )W particles- are large enough to pin several flux threads simultaneously • 

Flux pinning by magneticll and superconducting12 precipitates has been 

demonstrated. 
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III. EXPERIIvJEI\l1'AL PROCEDURE 

A. Sample Prep~ration 

1. Introduction 

Two techniques were used for the preparation of samples. One 

,technique is the sintered type and is designated by an S preceding the 

temperature T
l

, as shown in Table I. The term sintering refers to the 

process of hot pressing mixtures of niobium, tin and graphite. Tempera

ture Ti is the first holding temperature. The other process utilizAS 

impregnation, and IMP indicates this process. Porous presintered niobium 

was impregnated ,,,i th tin.. The powders used for all samples are list'ed in 

Table II. 

2. Sintering Technique 

The sinteredsamples were hot pressed mixtures of niobium, tin and 

graphite powders. The hot pressing vTaS done in a graphite mold (1-1/4 

in. diameter) with a ram type plunger, (1/8 in. X 3/8 in.). The height 

of the sample was determined by the amount of powder used. The graphite 

mold ,,,as placed on a graphite base) and pressure was applied hydraulically 

while radiant energy vTaS supplied by a tantalum filament around the gra

phi te mold. Hot pressing ,vas always done under a vacuum (5 X lo-;k of Hg) 

as indicated by an ionization gauge at the lfJr'J.in outlet tube. 

All temperatUres vlere determined vii th a Leed t s Northrup Optical 

Pyrometer) with ,an accuracy of ± 8°C on the high range and ± 14 - ± 25° C 

on the extl;a: high range. The highest sintering teml~eratures vrere 2000°C. 

Since the extra high range is 1500-2800°c the accuracy at 2000°C ,,,as 

estimated to be ± 20°C. The temperatures Ivere obtained by vic-;{ing 
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through a quartz windo'l'f and sighting on a horizontal surf3.ce of the mold. 

This does not give the actual temperature of the sample but rather a 

relative one. A thermocouple was used to determine the temperature of 

the sample for comparison with the optical pyrometer reading. As ex-

pected, there was a lag in the sample temperature on heating because 

of the time needed to conduct through the g~aphite mold. For the calibra-

tion, the sample temperature \'las a 110'iYedto stabilize before readings were 

made. It was found that up tollOOOC there was little difference in the 

temperatures after stabilization, but at 16000c there was about· 10CoC 

difference, with the surface reading being low. These temperature differ-

ences resulted ,vhen the sample temperature 'vas allo'iyed to stabilize. 

When contiriuous heating was used, and time at temperature was short, then 
; . 

there was a lag due to temperature gradients in the meld. Equal rates 

of heating were used and equal times at temperature} so· comparison bet-

vTeen heat treatments could be mad.e. 

The starting Dl:Lxture of the sjntered series was 1: 056: .66 Nb-Sn ... C 

atom ratios. Sample S1900 S had tantalum added and it had a 1:.56:66:33 

l\lb-Sn-C-Ta atom ratio .. ' The particu~lar atom ratios were established by 

Chabanne~ The amount of Sn used lms more than needed to form a network 

of I'iJb
3

Sn because tin "TaS lost by evaporation and mold leakage. The 

powders for the sintered samples -Ivere mixed thoroughly by rolling. The 

graphite 'ivas a finer mesh than tin and niobium so care 'ivas taken to 

insure the best possible mixi.ng of graphite .. 

The heat,ing cycle for the sintered series 'i'laS as follows t a load of 

8000 psi Vlas applied and then the sample'I'las :leated d.irectly to the 

temperature desired. The, samples "Tere cooled in a vacuum to the 

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

.,.. 
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treatment. The heating cycle vIas varied for samples 81050 and 8500. 

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

The primary processing variables were the sintering temperature 

and the annealing time. For the Type A the sintering temperature varied 

from l6000 c to 2030oC, and the sintering time was always 8 min. The 

anneaUng temperature was alI-laYs 11000C and the time was either 15 min. (8) 

or 60 min. (L). The sintering pressure remained constant at 8000 psi. 

The prOcessing treatment (Type B) was to achieve a better distri

bution of Nb
3

Sn. The temperature Tl was selected to allow the till -GO 

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

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

The annealing treatment vlaS not used in this series. 

3. ~regnatingTechnique 

The porous niobium for the impregnating technique was obtained by 

screening -325 mesh povlder through a -200 mesh screen, and the powder 

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

pressed at l4000c for 30 min. vlith a pressure of 1000 psi. The porous 

niobium Ims impregnated ,'lith tin in a later treatment. The tin was loaded 

into the mold along vri th the porous niobium and heated as shmn in Fig. 3C. 

The molds and hot pressing techniques Were the same as outlined for the 

sintered type. 

Sample IMPl 1-"1s heated to approximately 800°C to allOiv the tin to 

fill the porous niobium. Two minutes at l0500C vTere al101ved for the 

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

to fill the porous niobium ,vithout reaction to :Nb
3

8n. A subsequent 

treatment \'iOuld detel'mine the thickness -of Nb
3

8n filEl. A difficulty 

, \' 



-8-

encolmtered. was that, tin would not wet the niobium at a tEmperatu.re 

low enough to sufficiently reduce the niobium - tin reaction. 

B. Samp;Le Testing 

The critical superc'oflducting temperatures were determined inductively 

and the transition temperatures 'were measuredvlith a calibrated germanium 

resistor. The values recorded in Table I are accurate to O.loK. For 

further disucssion on the critical temperatures see M.S. thesis by 

. 13 
Roger Goolsby. 

The goal of this work was the study of the relationship of the field 

properties and structure of these samples. Measurements vTere made using 

the pulsed field technique, and a schematic of the equipment is shown in 

Fig. 4. The samples were mOlmted onto a probe which used the standard 

four connection r.esistivity arrangement. The saMple was immersed- in a 

cryostat containing J,.iquid helium. The cryostat had a speci5.l finger 

to go inside the inner diameter of the coil. To facilitate cooling, the 

coil vlaS ·immersed in liquid nitrogen. The samples w'ere spark cut to a 

-3 . 2 
cross section of 10-20 ~ 10 cm. The ends of the samples were copper 

plated to allOl{ soldering the samples to the current leads. The voltage 

leads were held against the samples by pressure. The sample, sample 

holder and coil assembly ,.rere made as rigid as possible to minimize 

electrical noise. 

The direct transport current was· initiated prior to the magnetic 

pulse. 1'11en the transport current 'das shut off at the peak field, as 

shoHn in Fig. 5. '1'11i8 was done to red.uce heati.ng. The change of.' sample 

voltage with magnetic field ,vas fol1mTed 1vi th a dual beam oscilloscope 

and records 'Here t.akl~n Iii th high speed polaroid fi.lm. 

... 
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Vlith the sample current :o:;ero the voltage induced in the wiring by 

the magnet field vTas recorded on the same picture. The voltage curve 

wi thout transport current was then subtracted from the voltage curve with 

transport current; the result is the volta~e change of the sample. 

The magnet rise time vm~s about 10 msec and the maximum field avail

able was about 220 kG. At the high fields the coil was allowed to cool 

bet\veen pu.lses for 15-20 min. The cooling was to keep the coil from 

failing and also to reproduce· the field between recording the noise and 

the actual test. 

The oscilloscope used vlaS a Tektronic dual beam with type 21-22 time 

base units. Type D and E amplifiers were used for the field and sample 

voltage respectively. A type 55 pOl'Ter supply was used. The frequency 

response for the. sample voltage was 10 kc. If too Iowa frequency re

sponse was used rounding. of 'the voltage curve ,'lOuld re·sult, and too 

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

Figure 5a shows the polaroid picture of a high field test and Fig. 

5b a 101v field high current density test. Figure 5b show's a sharp transi

tion from superconducting to normal, wh~ch means there is little difference 

betvleen .T Cs and .TCN " Also, Fig .. 5b ShOV1S that there is little trouble 

from electrical noise at low values of H. Figure 5a shOlvS a test at a 

high field with electrical noise present. This noise is recorded by 

pulsing the coil at the same field as the test but vlith zero' sample 

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

voltage of interest. 

The .TcS curve is obtained by plotting the field 'Ivhich produces 

the first detectable voltage versus the current density. The .TCN curve 
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is obta,ined by plotting the field at Hhich the volta.ge ceases 'Go :.:1crease 

against the current density. The resistivity (p ) is obtained from 
n 

the voltage drop of the normal sample at 4.2°K. The resistivity of the 

sample at zero field is P2. These values are recorded in Table III. The 

upper critical field is obtained by extrapolating the J c curve to zero 
N 

current. The extrapolation ivaS a linear extension of the curve .. The 

current density and the field values are accurate to 5/0. 

Electron beam microprobe analysis ".;ras made on samples 81950L, 

817308, 81730L and 8500. Because of the multiphase structure there was 

difficulty distinguishing the phases. The surface was anodized and counts 

vlere taken, the anodized 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 betvleen anodized color and the 

phase. Care waS taken in removin,g the anodized coating so as not to re-

lieve the surfac;:. Any relief would change the takeoff angle of the 

characteristic radiation. The composition of Nb
2

Sn, in the four samples -_ 

noted above, was determined Hi th corrections for absorption, background, 

deadtiJre and instrument ill-ift. The results '-1ere calculated by computer. 

For the other phases, the counts '-:ere taken ''lith the anodized coating 

present because exact analysis vms -not necessary. 

X-ray diffraction utilizing an X-ray diffractometer "1-l2.S a,lso used 

to identify the phases present. .The samples i-Jere mounted in lud te 

mounts. The tube v:)ltage was l~Ok:V, current 11+ ma, ratemeter time constant 

3, cps range 200, x-ray source tube target eu, Ni filter, orilee;a O~ 1'.0. 

40 - 0 0" 
, Bllts 1 J 1 and 0.002". Phases other than NbC "Here not ah:ays 

observed because of their small volwue fractions. 
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Anodizing '{{ith Pickelsimer t 8 solution vlith 27v for 6 min. at room 

temperature resulted in distinct contrast between phases. The /phases 

observed are listed in Table rI. The samples were prepared by conven

tional metallographic technique vTi th the last polishing step, on lJ.1 

diamond. Sample DfP 1 presented a problem polishing because of the 

ntobium grains and large volumes of tin. The technique used for IMP 1 

required a final polish of O.3J.1 alumina, H
2

0
2 

and NaOH in H
2
0. 
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IV. DISCUSSION OF PESULTS 

A. Vucrostructures 

The superconducting critical currents can be related to the micro-

structures of the composite samples investigated. The amount and dis-

tribution of Nb
3

Sn and tin is important and were the reasons for the 

variations made to the processing treatment. Phases other than Nb
3

Sn 

and tin were present. in all samples" The phases and their distribution 

are discussed in the following sections4 

1. Sintered Type 

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

NbC was usually the matrix and the Nb
3

Sn was dispersed around some of 

the NbC grains. The NbC anodized yellow and was easily identified with 

x-ray diffraction. Microprobe analysis showed that there was very little 

tin in the NbC grains. Nb
3

Sn anodized as a dark blue or violet color 

and could be identified by microprobe. Nb
3

Sn could not always be identi

fied with x-ray diffraction because the volume fraction was too small" 

The The phase which anodized as dark brown is thought to be Nb3S~, 

composition of the brown phase did not compare exactly with Nb3S~, 

However, the microprobe analysis was done with the anodized coating 

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

phase which appeared in varying amount vias checked for tin and none was 

found. This phase is shown in Fig.6b and could possibly be Nb2C. 

Niobium anodized as a light blue and it was present in 817038. Also 

present in most samples 'Ivas excess tin and graphite. 

The niobium-tin constitution diagram has been studied by many 

workers. Figure 7 ShUl'iS the phase diagram proposed by Ellis et a1. 14 

~/ 

" 
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Tne 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-

tinge The Tc of Nb
2

Sn
3 

is 2.4 to 3.4 elK and at 2 oK the critical field 

is 200 G. 15 l\lb3S~ has a Tc of less than 2. e';K and its critical field 

is 600G.
2 

Nb
3

Sn has a Tc of about 18.o o K and an HC2 of approximately 

220 kG at J+.2 °K.16 88 The current density of 1lb
3

Sn at kG has been sho·wn· 

to be 105 amp/cm
2

•
16 

Nb Sn has the b.eta tungsten crystal structure 
3 

and it has been shown to exist over a range of compositions of (Nb Sn
l 

) 
. x-x 

x = 0 .. 80-0.72X 'ilhen prepared at 1200 6 C. The lattice constant is about 

6 16 
5.209A and ranges from 5.282-5.290 as x goes from 0.80-0.72. 

The distribution of the Nb
3

Sn is easily seen when the samples are 

anodized. - For the sintered type the amount and distribution of Nb
3

Sn 

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

Comparing Figs .. 6a, 8, 98., lOa, lla and 12, the amount of Nb
3

Sn can be 

seEm to increase with decreasing sintering temperature. The heating 

cycle 'for these samples is e;iven in Table I. For these samples, the 

amount of Nb
3

Sn was dependent on the maximum temperature, because they 

. were heated directly to the upper sintering temperature. The maximum 

reaction rate for Nb
3

Sn is at about 1000°C, and at 11~00°C NbC will form 

in appreciable quantities. The reaction of tin with NbC is negligible, 

so no Nb
3

Sn will form after :r-fuC has formed. SamplesSlDOL and S1730S 

indicate the variation possible due to the mold condition. 

'Ihe sequence of chemical reactions is believed to be as follOlvs. 

The mixed pm<ioers are compressed and. heated. The tin melts at 232°C 
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and will tend to segregate because of the lack of ,.;etting. Upon further 

temperature rise" the· tin reacts with niobiwn to form Jl.1b
3

Sn, resulting 

in segl'egated regions of Nb
3

Sn. Further tempe.rature increase will result 

in carbon reacting with niobiwn to form NbC. Excess carbon was usually 

found in two regions: 1) with the excess tin and not in solution; 

2) surrounded by a group of NbC grains. The carbon in the latter case 

could diffuse into the niobium and form NbC but in the former case w·ould 

have to diffuse through Nb
3
Snin order to react. with niobiwn. Upon 

cooling fr0m the sinterlng temperature it is thought that further 

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

allowed the excess tin to restore the stoichiometry of the Nb
3

Sn phase .. 

b. ~-.l?. The distribution of Nb
3

Sn was greatly changed by allovling 

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

the microstructures are shown in }'igs. 13 and 14. Sample Sl050 has a 

large volume of well dispersed Nb
3

Sn, but is not a continuous film. 

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

Nb
3

Sn is in large globular shapes. The phases present are NbC, Nb
3

Sn 

and Nb3Snidark br.own phase). 1'his browh phase is distributed the same 

as Nb
3

Sn apd quite often breaks up the continuity of the Nb
3

Sn. Asswning 

the dark brown phase is Nb3S~, it probably formed upon coolinB because 

Nb3S~ is not stable above 930°C. 

The grain size of sample Sl050 is quite small c0mpared to other 

samples. The reduction of gl'ain grO'l'rth is probably due to the coating 

of Nb
3

Sn around each grain. '1'l1e grain size is v'ery close to the 

original powder size of the niobium. Tne niobiwn pov/der size is -325 mesh, 

and most of the powder will go through a screen opening of ,0.0017 in. 

" 



,,", 

... 15-

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

than 0.0017 in. 

Sample S500 was given a similar treatment to that of Sl050 but the 

temperatures were somewhat lov/er. The result was a greater percentage 

of Nb
3

Sn in 8500 than in Sl050. The Tl temperature was lower than the 

temperature for maximum Nb
3

Sn reaction and also lower than T1 of 81050. 

The upper tempe rat ure of S500 could account for the greater amount of 

Nb
3

8n since it is lower than that of 81050" The NbC would form slower 

thus al10vring the tin more time to react with the niobiwn. The phases 

which were present were NbC, J.'ifb
3

Sn, N!J3S~ and Nb. 

2. Impregnated Type. 

The impregnation of porous niobium with tin. was used to control 

the distribution and amount of Nb
3

Sn. The method used was outlined 

earlier, and the rr;sult' is shown in Fig .. 15. However, tin vlOuld not 

penetI'ate at a· temperature low enough to reduce the reaction of tin and 

niobiunl. If the tin could fill the niobium compact without reaction:, 

then the amount of Nb
3

8n fo:r:ned could be controJled. 

The phases preselit in ll.fP 1 are listed in Table N. The presence 

of Nb
3

Sn is confirmed by the highT
c

" and the matrix anodized blue as 

niobium does. There.was a yellow brown phase of undetermined composition 

which was more continuous than the Nb
3

Sn. Comp!J.rison was made of the 

anodized color with the results of Enstrom et a_L.17 1he niobiwn and 

J'ilb
3

Sn are similar, but the yellow· bro'i·m does not match anything listed. 

Since unreacted tin is observable in ll.fP 1 the yellow brown is not the 

yellow listed by Enstrom et a1. X-ray data give peaks vrhich are conunon 



to both Nb3S~ and Nb2Sn
3 

phases, so it cannot be concluded which of 

,these hvo' is the yellovT brown phase .. 

B. J-H Relationships 

1. Sintered Type. 

The J-H curves shown in Fig. 16 are for the Type A sintered samples. 

The curves shown are J c curves in which the sample has changed to the 
N 

normal state resistivity. The differences in t.he current densities 

are discussed in another part. of this report. The extrapolation to 

J = 0 gives the value for H • 'l1J1e extrapolation was ,done as a linear c2 
extension of the curve rather than a vertical extrapolation which is the 

usual shape of the curve. The extrapolated HC2 values are high because 

of this. A linear exte:n.'sion was used because the vertical drop would 

have depended on the highest field obtained for that test. In some 

tests the noise ivas balanced and compensated 1'01' more effectively, thus 

higher field data coul<;l be obtained for some samples. 

The difference between the sintering treatment with a plateau 

(Type B) and without the plateau (Type A) is illustrated in Fig. 17. 

Since the current density is determined by.thecross section of the 

total sample, increasing the volume fraction of IIJb
3

Sn should increase 

the current dens ity of the total sample4 The re sul ts shown in Table 

VI do not show this trend because of the effect of the other phases such as 

tin and Nb3S~. 

The J-H curves shown in the precedi'ng figures shov only a J . 
cN 

curve. There is no J sho\m because these samples had a voltage drop 
Cs '. 

for the 1m-rest field measureable. The voltage at lo,{ field is attributed 

to NbC, Nb2C, l\Tb3S~and tin w'hich are the phases linking the 
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discontinuous Nb
3

8n. It has been shown that NbC has a J of 10-15 kG 
cN 

at the current densities used in this experiment}8 The NbC is in the 

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

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

could also cause the Nb
3

Sn to transform prematurely to the normal state. 

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

affect of the other phases such as tin and Nb
3

Sn
2

6 

been determined in a steady field by Montgomery.19 

J CS for Nb
3

Sn has 

If the Nb
3 

8n was 

continuous in these samples similar J cS curves would be expected. At 

10l'l"er and higher current densities the J CS appr,oaches the J
CN 

so a sharper 

transition results. This can be seen in Fig. 5b~ Fig. 5b illustrates 

how NbC controls the transition at lower fields. There is little measur-

able voltage up to a field of about 10 kG above which it is seen that the 

transition to the normal state occurs over a small range of fields. At 

low fields and high current densities the properties of these sample s 

reflect the NbC properties more than the properties of Nb
3

8n. The 

heating from the normal NbC ,'1ill force the Nb
3

8n to become normal simul-. 

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

NbC causes some heating, but does not cause the Nb
3

8n to become normal 

simultaneously with the NbC. The current densities of these samples 

at high fields is about 1/5 - 1/10 of Nb
3

8n. The volume' fraction of 

Nb
3

8n could account for this. 

The resistivity P2 of the sample at H == 0 increases as the amount 

of Nb
3

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

CallJ] c the di8 tance between the supel'conducting phas e increases. Figures 

18a and b shO'iis the relationship beb-Teen the voltage and field for samples 

819308 and 817308. The resistivity P2 repre sents the voltage difference 
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behleen the noise and sample voltage at H = O. The higher P2 values 

correspond to the samples with the least amount of Nb
3

Sn. Sample Sl050 

does not completely follow this trend. The distribution of Nb
3

Sn accounts 

for the low P2 • 

The rise time of the magnetic coil in this experiment is about 10 

millisec, and at 200 kG a dR/dt = 2xl07 G/sec results. Flippen
20 

found 

that the resistive transition of Ifu
3

Snwas lowered to 75 kG at low current 

.. . ... 10· 
. densities when dR/dt of 5xlO G/sec. In a steady field at a similar 

current density the resistive critical field was 200 kG. 
21 

Hart et al 

in their study of Nb
3

Sn in pulsed fields found a decrease of the criti cal 

current vIi th the faster pulse. The slowest coil had a maximum dJ{/dt == 

l.6xlO 7 G/sec, ~nd the criti~al current did not vary when this rate 1vas 

decreased by Im.;ering the maximum field. The faster coil Hart et. al 

used had a maximum dR/dt == 6xlO~. It was found that near the peak field 

the transition 1vas higher because of the decreased .. dR/dt. Flippen found 

that Nb
3

Sn in contact with niobium had a resistive critical field of 

less than 100 kG 1.;hen there was a 7 kG steady :field superimposed to keep 

the niobium normal. This low· critical field is attributed to the normal 

niobium. The normal niobi urn could be similar to the effect observed in 

this work in 1vhich the NbC matrix is normal at a very low field. ·In 

this -vlork the NbC matrix, rather than the pulse rate, is thought to be 

responsible for the 10lv J" .• 
cS 

2. ITl1£Tegnated Type· 

The best sinter ed type sc:mple is cOll1parcd with the impregnated type 

sample in }<'ig. 19 .. The similarity of the Cll'ves is apparent. The 

impregnated sample has Nb
3

Sn surrounding grains of niobium and the 
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sintered has l'fu
3

8n surrounding grains of NbC. The hlo samples have a 

similar distribution of Nb
3

8n and both have a good deal of free tin. 

The ,niobium grains of sample lliPl 'would be normal for the majority 
¢ 

of the field test, 'as would the NbC grains of 81050.. The niobium has a 

lower resistivity than NbC so less heating would occur in sample IMPl. 

Less heating would result in a high J curve, but IMPl has a snaller 
cN 

volume fraction of Nb
3

8n than 31050. 

It was shown in the theoretical section of this paper that the upper 

critical field varies approximately linearly with T. The slope of this 
c 

relationship is the product P ''I. The coefficient of specific heat is 
n 

proportional to N(O), the density of states at the Fermi surface, and T 
c 

is proportional to 
1 

N(O)V • 
, 

As the composition of Nb
3

8n approaches 

stoichiometry from niobium rich the T increases. 1'he increase in critical 
c 

temperature is due to an increase"' in 'Y. 

The extrapolated He values of the.sintered type samples are plotted 
2 

versus T in Fig. 20, with a nearly linear relationship resulting. If the . c 

equation Hc2 ex: P 'Y T is used, the linearity is correct if P 'Y remains n c n 

constant. Table VII gives the data for these samples. 

The product Pn'Y is constant because the coefficient of specific 

heat ('Y) increases, as the composition approaches stOichiometry, and the-> 

resistivitYlvould be expected to decrease as the compos ition approaches 

stoichioinetr,Y. 

'TIle resnlts for sample 8500 and 819008 are not ploVcfOd because they 

deviate from the plotted curve" Tne data for 8500 \·;ould fit aline ... rith 

./ ./ 
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a smaller slope. The smaller product (p ~) is thought to be due to a 
n 

10i'1 P • The 101'1 resistivity could be because of the 1500°C sintering n . 

temperature. The data of 819008 v[ould fit a line ,'lith a larger .slope. 

The tantalum added to this sample would lower", but raise P. The 1'e
n 

sistivity must increase more than~, because the product Pn'" increases. 

The microprobe analysis of the compositions shows that the tin 

composition decreases as the T decreases.' This same result has been 
c 

22 
reported by Bachner where the vacancies resulting from tin loss are 

filled with niobium atoms. This results :in the breaking up of the ;1io-

b.ium atom chains in the crystal. In this work the tin loss was restored 

by annealing at 11000C when there ,'las free tin available to restore the 

stoichiometric composition. C::>mparison of 81950L and 819308 illustrates 

this. A sinteripg temperature of 1600°c and a 60 min. anneal resulted 

in the highest T • The upper critical field (Hc ) of samples 81950L, 
c 2 

817308 and 81730L decreases with increasing niobiwn concentration. 

This variation is expected because of . the relationship of Hc to T • 
2 c 

D. Critical.CuTrents 

1. 8intered Ty~ 

The effect of sintering temperature of J CN is mown in TableVrrI. 

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

120 kG increases 1'lith increas ing sintering temperat ure at a cons tant 

annealing time. rncreased annealing time at an equal sintering temperature 

decreases the cUl-rent density. The ClU"rent densities of the Nb
3

8n phase 

are separated mOl'e than the composite current density because the sa.mples 

sintered at the higher temperature also have the .lo,\·ier volume fraction 

of Nb38n. The trend beb'leen samples 819308 J 817308 J 81950L, and 81'(30L 
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.is to have a IS·i·o'er J c" the IOiler the sinter~J1g temperatul'cor the lonGer 
H' 

the anneal. This decrease in J cN dc:Je 8 not follc'tT the' challGe in T c or 
~. 

the Nb
3

Sn composition. The J Cs curve is' the first measura.ble voltage 

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

the flux line is overcome at J c 
S 

J c is, a me8.Sill'e of the transition 
lr . 

to the normal st2. te and the varia tioD of J c ,-ri th t}iese samples seems to 
N 

depend on the distribution of phases. 

If the volt1Ylle fraction ofI'Tb
3

Sn is accounted for, the cill'rent den

sities of these samples are 1m-reT than those l'epol'ted for l'Jb
3 

Sn. 23 

Montgo!uery' s samples have current densit ies at 120 l~G of 2 - 7 x loh 

amp/ 2. The sC!Jnples l'eported iI1 this "lork have current densities of . cm 
h . 

• 66 :-/5.4 x 10 arrip/cm2. The lower val1.l2s could be due to hee',ting 'dhich 

results from the norrnl NbC •. 

Another factor is the amolmt of ui'1l'eacted tin 'YJhic.h is present. ~r.his 

tin could carry some of the current \-rithout too much loss even though it 

is in the nOl'Elal sLnte. This effect call be seen by comparing samples 

Sl050 and 81730S) in 'I,-;hieh 817308 has the large:c volUtl'.e fraction of 

Nb
3
' Sn} but a J of 1/3 tha t of S1050. S1050 has a largc amount of 

. cN 

unree,cted tin) and thi s t in meW carry current ,·rUh less heating. than 

the fIbC. The llnre2.cted tin could also explain the ,high JCN,':>f sEtmples 

819308 a,nd S1950L. 

The sil1tering treatment does not seem to affect the J C' T of the 
. 1~ 

cor"lposite sample by the resulting 1\!b3Sn dL3tribution. Table IX ShC'i'iS 

there is no cOl'L-el,rr.:,ion beblcell % J:0
3

8n and J cN of the total sample. The 

amount of tin ,·,hleh is present is the controlling factor. 

2. ImDl'ec;m!.. ted 'l'yoe ----.. -!:::-------"--=--

Sample Ji.~Pl t~(r nm'cactcd. tin 2,S ~y"ell 2.S niobiu:n graic:;. Pure' 
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niobium ,has a resistivity of about 5fl ohm-em at 4.2°K compared to about 

10fl ohm-em for Nb
3

Sn and 1 flohm-cm for pure tin. The combination of 

tin and niobium could carry current with less voltage drop than normal 

Nb
3

Sn. The current density of the Nb
3

Sn vTOuld be decreased when the 

Nb
3

Sn resistivity in the mixed states rises above the resistivity of the 

Nb-Sn combination. 

E. Resistivity 

The normal state resistiv:ity is an important parameter of a super"': 

conductor, since the mean free path can affect-the critical temperature 

as well as H~. The'recorded resistivities are for' the total sample, 

and the volume fraction of Nb
3

Sn and tin affect it most. 

Table VIII lists'the resistivity values; and it can be seen that 

there is no relationship between p and T. T will usually decrease n c c 

with a' decrease in meanf~ee path, 'and the only sample that exhibits 

this decrease is S19008. The high p' is accompani6:l by a low T due . . n, c, 

to the tantalum which :was added. Niobium and tantalum are 10Cf/o soluble, 

so s one of the tanalum could have replaced some of the niobium in the 

Nb
3

Sn structure. The T of l4.8°K would'not be that of TaC, because , c 
.' ° 18 

TaC has a T of 9-11.4 K • 
c 

The resistivity at 4.2°K of stoichiometric Nb
3

Sn is about 10 

24 ' 
Ilohm-cm and NbC ,is 18 11 35 .. 1 flohm-cm, and pure tin about 1 flohm-cm. 

The resistivities of the sample s are 2 to 3 times above ,those of NbC 

and can only be explained by heating effects. The resisti vUies are 

calculated from the voltage drop along the sample vThen it has trans-

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

NbC phase, the resistivities ,·[ould be increased~ 

.. 
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The most interesting comparison is that of p for TIvfPl with the 
n 

s intered tyPe s!1mples. The 10v1 resisti vi ty is attributed to the niobium 

grains and excess tin. Also) the samples ,.".i th the lowest resistivity 

p (S1930S, S1950T-i, Sl050) are thos e which have the most excess tin. 
n 

Sample S500 has a loVl Pn because of its large volume fraction of Nb
3

Sn. 

Sl050 has a large volume fraction of Nb
3

Sn. Sl050 haa a large volume 

fraction of Nb
3

Sn as well as excess tin. 
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V. SUN1HARX AND CONCWSIONS 

. The superconducting properties of composite Type II superconductors 

have been determined, and the resl1lts are similar to the work of others. 

The sintered samples resulted in grains of NbC coated with Nb
3

Sn, and 

the impregnated samples resulted in niobium grains coated with Nb
3

Sn. 

A~' Sintered Type 

The sinteredsamples were shown to obey the relationship HC2 

The best properties obtained are as follows: 

1. ,TcN 3000 amp/ 2 (composite) 'cm 

2. ,TeN = 53,700 amp/ 2 (Nb
3 
Snon ly ) _ cm 

3. T = c 
l7.8°K sintered at l6000 c 

4. HC2 = . 234 kG 

ex: 

The critical temperature of· 17.8°K corresponded t~ an Nb
3

Sn composition 

of 75.3 at 10 Nb. 

The critical- current (,TcN) was highest when large amounts of tin were 

present. The critical current (,TCN) did not vary with Tc or I\lb
3

Sn c·ompo

sition. The low critical current (Jcs) of these samples is attributed 

to phases which s-eperate the Nb
3

Sn 8:nd are ',not superconducting or have 

lower field properties. 

The percentage elf Nb
3

Sn in the composite was dependent on the sin

tedng.temperatureTl • The higher this temp"erature the less Nb
3

Sn. The 

distribution of Nb
3

Sn ,vas greatly enhanced by 10l{ering Tl to about 1050°C. 

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

and vIas 101fest \{hen excess tin was present. 

.. 
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B.Impregnated Type 

The impregnated samples had a good distribution of Nb
3

Sn. The pro~ 

perties of this series were: 

l. J
CN 

= 3400 amp/ 2 (composite) 
cm 

. 2. T ::: 17.6°K 
c 

3. HC2 .. - 225 kG 

The achievement of a.thin continuous network of Nb
3

Sn is dependent 

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

and the impregnated samples a suggestion for further vlork is the addition 

of a wetting agent to the tin. Both samples Sl050 and niP 1 could be 

improved with this technique. 

The best properties for a sintered sample were: Hc2 ::: 230 kG, Tc 

and J CN = 3000 amp/ 2. The properties of the impregnated series were: 
em 

HC2 ::: 225 kG} Tc 17.6°K and J cN ::: 3400 amp/ cm2 • 
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APPENDIX A' 

The upper critical field of a Type II superconductor is dependent 

on K and H . The relationship for H given by Gor'kov
4 

is: c c2 

= [ 1.77 - 0.43 (T/T )2 + 0.07 (T/T )4] 
,c c 

[ 21 1; ,(3)/21f ]1/2 ( ePnyl/2/1f3kB) 

H = 2.42 yl/2 T 
c c 

[ 1 _ (T/T )2], 
" c 

K H 
c 

With substitution for K and H the equation for His, 
c c2 

where: , .' 

e = Electronic charge in emu 

k = Bbltzmann's constant 
B 

P = Normal state resistivity 
n 

y = Electronic specific heat coefficient/ unit vol. 

T= Critical temperature 
c 

T =: Temperature 

The testing condltions for this experiment, with T =: 4.2°K and 

2 ,4 
(T/T ) . and (T/T) have little effect on the relation-

c c 

ship for H . The relationship for H can be simplified as fol101ols: c
2 

c
2 

H ex p yT 
c

2 
n c 
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Table I. Processing Treatments and Results 

Processing Treatment 

8ample Temp. Tl Time Pressure _ Temp. T2 Time Pressure H (kG) T °K(a) 
(OC) (min) (:esi ) - (OC) (min) (Rsi) 

c2 c 

Sintere6. S2030S (b) 2030 8 8000 1100 15 8000 16.0 
Type A 

81950L 1950 8 8000 1100 60 8000 234 17.3 

S1930S 1930 8 8000 1100 15 8000 200 15.9 

S19008 1900 -S 8000 1100 15 8000 214 14.8 

s18408 1840 8 8000 1100 15 8000 16.3 

S1730S 1730 8 8000 1100 15 8000 220 .16.7 
I 

\jJ 

81730L 1730 8 8000 1100 60 8000 215 16.4 p 
I 

s1600L 1600 8 8000 1100 60 8000 17.8 

Sintered S1050 10.50 30 1000 1880 8 1000 230 17.2 
Type B 

S500 ""'500 '15 2000 1500 15 2000 215 17.8 

I:rrpregnated 
Type nil' 1 ""'800 15 1000 1050 2 1000 225 - 17.6 

( a) T OK refers to the temperature at a median voltage. 
c --

(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 -200 to -325 99.9% 

(a) Spectroscopic Carbon 

,. 
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Table III. Current Densities and Resistivity Data 

S8.J."1lple 
2 

J amp/cm 
cN 

(8.) ------ 2 (b) ( ) ( c ) ( ) (d) % (e) 
J amp/cm' P ).Iobm-cm P2 ).Iobm-cm oNb

3
Sn 

c
N 

n , 

(at 120kG) (at 120kG) 

Sintered S20308 7.5 3 Type A 
81950L 1,030 12,900 69 2.4 8 

. 819308 1,610 53,1'00 40 6.1 3 

819008 980 112 

817308 1,020 3,520 111 0 29 

81730L 800 6,660 120 2.9 12 
8l600L' 12 

Sintered 
8105.0 3,000 27,200 24 0.5 11 'iype E 
8500 1,700 11,300 48 15 

I~pregnated L~P 1 
Type 3,400 4 

(a). Current density of composite 

(b) Current density of TlJP
3

8n phase 

(c) P : n 
resistivity of normal sample at 4.2°k 

(d) P2 : resistivity of sample at H=O and 4.2°k 

(e) Determined by lineal analysis of photomicrographs 

I 
\.)J 
\.)J 

I 



Table IV. Phase Identification 

8intered 
Type A 

8intered 
Type B 

Impregnated 
'J:'ype 

8ample 

820308' 

81950L 

S19308 

819008 

S17308 

81730L 

81600L 

81050 

8500 

IMP 1 

(a) red brovffi 

~oc 

(yellow) 

x 

x 

x 

x 

x 

x 

x 

x 

x 

(b) yellOYl brown - possibly lIJo28n
3 

Phases Present 

Nb2C Nb
3

8n 

(light (c) (dark blue 

Nb
3

8n2 
(d'ark (c) 

brown) or violet) brown) 

x x 

x x x 

x x 

x x x (a) 

x x 

x x X 

x x 

x x 
(a) 

x x 

x x (b) 

(c) No positive identification of composition 

~ 

Nb 8n 

(light (light 
blue) yellow) 

x 

x 

x 

x 

x 

I 
'vJ 
+-

X I' 

x 

x 

x x 

~ 
, 
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Table V. Sintering Temperature Versus % Nb
3
Sn 

,,", SamE1e % Nb
3
Sn Sintering TemEerature °c 

S20308 3 2030 

S1950L 8 1950 

S19308 3 1930 

S1730L 12 1730 

S17308 29 1730 

SJ.600L 19 1600 
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Table VI. Comparison of J and. P2 to % Nb
3
Sn 

cN 

Sample J (amp/ cm2) (a) J ( / 2)(b) P
2

(llohm-cm) % 1lb
3
Sn 

cN cN 
amp cm 

@ 120 kG @ 120 kG 

Sintered S2030S 7.5 
Type A 

S1930S· 1,610 53,700 6.1 

S1730L Boo 6,600 2.9 

S1950L 1,030 12,900 2.4 

S1730S 1,020 3,520 0 

s1600L 

Sintered =STo'5b 3";'()*60 27 :--200 075 
Type B 

S500 ~700 11 2300 

(a) Current density of composite 

(b) Current densi ty of Nb
3
Sn phase 

Table VII. . , 

Sample 

S500 

S1950L 

S1730S 

S1730L 

S1050 

S1930S 

Comparison of Nb
3

Sn Composition to Hc and Tc 
2 

. Nb at.% Sn at.% H (kG) 
c 2 

15.3 2.4.7 215 17.B 

75.7 24.3 234 17.3 

77 .6 22.4 220 16:7 

7B.4 21.6 215 16.4 

230 17 .2 

201 15.9 

3 

3 

12 

B 

29 

19 

11 

15 

.. 



8intered. 
Type A 

8inte~ed 

'Type B 

Impr0C;!1atcC1 
rry~)e ' 

v ~, 

Table VIII . Co~~arison of P~ocessing T~eatment to J CN and Pn 

8a.."'"!lple .,. (2) (a) T ( / 2)(0) Tc T 0 e , a.."'"!lp/cm .; C a.Y!ln em Pn :N N ~ 1 
(at 120kG) ( .I. ] ')0' " ) ( lJ ohr.l-e:n) (01- ) (OC) all. _'- ,.i\.v l\., 

819308 1,610 53,700 40 15.9 1,930 

817308 1,020 3,520 ' 111 16.7 1,730 

81950L 1,030 12,900 69 17.3 1,930 

81730L 800 6,600 . 120 16.4 ,1,'(30 

8.19008 980 112 1 ,900 

8500 1,"(00 11,300 48 17.8 1,500(c) 

S1050 3,000 27;200 24 17.2 1
2
880(c) 

IIvIP 1 3,400 4 17.6 '1 n":J5(C} ,\.).; 

IF 

Anneal Time 

(rv:~,..,) 
............ J. ... 

15 

15 

60 

60 

15 

0 

0 

0 
~a)~' --C~u-r-r-e-'n-~~u~--~---------------------------------------------------------------------------------------de!1sity O"i,' composite 

('::l ) Current density of N'038!1 phase 

(c) '" -2 

':i:'able IX. C~i tical Currents ve:t's'J.s % 1Th3Sn 

T ( 2)(20) 
Sa:n-ole uCN amp/cn cd 1-;'.) ~ 

(at 120kG) 
/0 '-, 3un 

819308 1,62.0 3'\' ;0 

817308 1,020 29% 

81950L 1,030 8% 
81730L 800 12% 

8500 1,700 15% 

81050 3,000 -t ... (r/ 

1.1.1" 

(ci) Cur~ent density of cO!l1.posi-;:;e 

I 
\)-1 
-.... 



) 

T 
c 

a 

p 

~o 

A 

d 
c 

K 

H 
o 
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Table X. Physical Properties of No
3

Sn 

200 - 235 kG(a) 

5.282 - 5.290X prepared at 12000 C 

10 - 30 J,lohm-cm 

88lt 

29CO~ 

. 380X 

2600 gauss 

-2 1.5xlO cal/mole-deg 

188 G .when T = ·c 

(a) Values from this work 
(b) Obtained from Eq. 3with :\.::: 2900 it and K ::: 34 

Reference 

16 

24 

25 

25 

24 

24 

24 

25 

of 
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- NORMAL SUPER~ 
(/) 

MIXED NORMAL 
(/) 

CONDUCTI 
:3 
0 
0'1 -./1 -~ 

" I -/ 
0 

I 

SUPERCONDUCTING 
I 
I 

HCI HC HC2 1: 
TEMPERATURE (OK) C 

APPLIED MAGNETIC FIELD He 
( e) (b) 

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

H 

r 
( e) 

b) H (t ) versus temperature with curves for 
c 

H (t·) and H (t) • 
c l c

2 

J 

r 

(b) 

XBL 688-5788 

Fig. 2 a) Decay of magnetic field near quantized 
flux line. 

b) Current density in vicinity of quantized 
flux line. 
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.........---15--~ .. 1 
I 

Fig. 3a Schematic of sintered TYPe A processing treatment. -
w 1880 
0:: 
::l 
I-
<t 
0:: 
W 
a.. 
:E 
w 
I-

I 
I 
I 
I 

I I 
1--8~ 
1 I 

Fig.3b Schematic of sintered Type B processing treatment. 

1400 

Nb POWDER 
ONLY 

I I 
r--- 30----1 
I - 1 

I I 
I 

T2 
---.:.-----{ I I 

1121 
~-15 .... I~ 

II 1 
1 I 

TIM E (min.) 

Fig. 3c Schematic of Impregnated TYPe processing treatment. 
, XBL 688-5790 
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CAPACITOR 
BANK 

DUAL-BEAM 
OSCILLOSCOPE 

DISCHARGE 
SWITCH 

XBL 688-5787 

Fig. 4 Schematic of pulsed field equipment. 
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g' il 
I • I rill IaI .. 11' II"'!""!".: 

..... 
~, 

Pulsed field record of sample S1950Le2 
Maximum H = 196 kG and J = 495 amp/em. 

• 
~ . --.: - -----~~ -

!II'+I 1++ 
~+I 

-;-; "i'--f 

- ~ 

",I Ii ~ 

Fig. 5b 

lin 
" , 

I - .--~ 

I I ,- ---- .I I, 
XBB 688-5111 

Pulsed field record of sample S1950L. 
Maximum H = 26 kG and J = 3,240 amp/cm2• 
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Fig. 6a Sample S1730S. Anodized. 250x 

XBB 688 - 5054 

Fig. 6b Sample S1730S. Anodized. 1000x 

I-NbC 2-Nb2C 4-Nb
3

Sn 
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3000~----~------------~----~----~ 

2500 -------------, -----, -, , , , ...... 
,~".I" ...... L ,---- /\ . ~-"<---- ------............ 

2000 I I I I " 

I I I I · " 
I I . \ 
I \ 

1500' : : \ 
u I: \ I 
~.J I' I \ 

i 1000 ri i oj...... 9IStS·C \ 

~ I I ~: 
~ I ~ 

Z 
~OOI I 

! I 

011 I; 
020 

~ . 

~I 
N 

40 

~ t-----..::2;;.,;:3;...,;,.1.:;.,;:9_o..;;,C_-..1 

1 1 
60 80 100 

No WT.O/. Sn Sn 

XBL 688-S 700 

Fig . 7 Niob ium-Tin constitut ion ~iagram 
proposed by Ellis et al. l 
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.... 

. . "~". 

j •. " 

. J_t 
XBB 688-5051 

Fig. 8 8ampl e 820308. Anodized. 250x 
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Fig . 9a Sampl e S1950L. Anod ized. 250x 

XBB 688-5061 

Fig . 9b Sample S19501. Ano di ze d. 1000x 
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Fi g. lOa Sampl e S1930S. Anodized. 250x 

XBB 688- 5053 

Fig. l Ob Sample S1930S. Anodized. 1000x 

l-NbC 4-Nb
3

Sn 5-Nb3Sn2 7-Sn 

~. 
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Fig. lla Sample S1730L. Anodized. lOOX 

XBB 688-5055 

Fig. llb Sample S1 730L. Anodized. 500x 

l-NbC 2-Nb2C 4-Nb
3

Sn 5-Nb3Sn2 
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XBB 688-5057 

Fig. 12 Sample s1600L. Anodized. 250X 
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Fig. 13a Sample Sl050. Anodized. 2 50x 

Fig. 13b Sampl e 

l-NbC 

XBB 688-5058 

S1050. Anodized. 1000X 

4-Nb
3

Sn 7-Sn 



Fig. 14a 

Fig. 14b 
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Sample S500. Anodized. 250x 

Sample S500. 

l-NbC 3-Nb 

XBB 688-5059 

Anodized. 1000x 

4-Nb
3

sn 5-Nb3sn2 7-Sn 
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Sample I MP l. 

3- lIJb 4-Nb Sn 
3 

Anodized. 500x 

6 - Nb
2

Sn
3 

7 - Sn 

"I 

.. 

XBB 688-5060 
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Fig. 16 

(ZW:>/dWD) N::>r 

J versus H. 
eN 

Sintered Type A samples. 

~ is transition to normal state. 
cN 

H is applied magnetic field. H 1 J. 
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Fig. 17 J versus H. Sintered Type A and Type E cN 
samples. J is transition to normal state . cN 
H is applied magnetic field. H 1 J. 
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..... .. I 
". ~' 

I tii~ II 
I ~ .. ' .. RII •• ~ ..... 

Fig. 18a Pulsed fie ld record of sample 817308. 

Maximum H = 196 kG and J = 510 amp/cm
2 

p = 0 
2 

. --:-

Fig. 18b 

". ~ 

• ~i1 II •• -~ .' l ~ 

~ 
.,.1IIiII 

XBB 688 -511 2 

Pulsed f ield record of sample 819308. 

Maximum H = 196 kG and J = 695 amp/cm
2

• 
P2 = 0.42 J.1.ohm-cm 
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Fig. 19 J versus H. Comparison of sintered Type B 
cN 

to Impregnated Type. J is transition to 
cN 

normal state. H is applied magnetic field. 
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I- ... 517305 
a: A 51730 L 
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UPPER CRITICA L FIEL 0, HC
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XBL 688-5785 

Fig. 20 H versus T. Slope = Pny assuming 
e

2 
c 

H a:p yT • 
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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 ot 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 report ,. 

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. 


