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EVALUATION OF OPTIMAL PROCESS PARAMETERS FOR THE PRODUCTION OF
SUPERCONDUCTING NIOBIUM-TIN TAPE IN RELATION TO PILOT PLANT DESIGN

Kanithi Hemachalam
Inorganic-Materials Research Division, Lawrence Berkeley Laboratory and
Department of Mechanical Engineering, Division of Mechanical Design,
University of California, Berkeley, California
ABSTRACT
Superconducting niobium~tin composites containing filamentary Nb3Sn
were fabricated by powder metallurgy technique which involved powder
rolling, sintering, infiltration, mechanical reduction and diffusion

heat treatment. The influence of various process parameters at each .

step was experimentally examined. Optimal values have been recommended

to be incorporated in a pilot plaht for continuous production of the

camposite. Potential problems in the design and operation have been
discussed and possible solutions presented. Finally, areas requiring

additional investigation are indicated.
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'I.'-INTRODUCTION
Since the discovery by Kunzler; et al.1 in'i961;th3t Nb3Sn,Aén
intérmétallic compound of niobium and tin, was superconductive at -
cfyogénié temperatures many'invespigators have expiored different’ways
to fabricate a conductor out of the material for practiCal usége.iiSome
cdnventiohal methods, like vapor depositioh of cfyétalline niobium—tih o
on_;'flexible'stainless steel ribbon2 and.a diffusioq process to oBéain '

a thin continuous layer of Nb3Sn on nicbium stfip3fhave been tried.

'VHOWever, because of the extreme brittleness of the compound, none of

‘them has been really successful as far as the capability of mechanical

héndling is considered. The recent approach to this problem has been

ﬁo'suﬁport'the Nb3Sn layer between a number of ductile metal plates or

‘coatings.

At the IdOrganié Materials Research Division of the Lawrence Berkeley
Laboratory, a different and unconventional method for the manﬁfacture’
6fithe supercondﬁétive matérial-in Fhe form of a strip containing thin
Sn has been‘develéped.4 It is based_on the thrée powder

filaments of Nb3

metallurgy techniques: roll compacting of Nb powder, sintering and

infiltration with tin followed by mechanical reduction and chemical

reaction. Extensive experimentation has been done to achieve the best

‘material properties by optimizing the operating variables at each

production'stage. This report describes_stﬁdies carried out to freeze

the pérameters and to collect necessary data to aid the design and

. fabrication of a pilot plant for manufacture of tapes up to a mile long.

A number of problems developed during the pilot plant design. Among

them were the method of powder feed to the rolls, the prevention of poor
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edge compaction, the selection of sintering atmosphere -and the process

start—up fbr continuous' production.
‘and other problems are developed in
thebreport deals with the influence
properiies of étrip with.particular
sintering stage éonditions. _A plot

for varying temperatures is given.

Some feasible solutions to these - N .
this teport.' The first half of
of operating pafaﬁeteré on the
emphasis on powder rolling aﬁd_'
of ductility versus time of sintering

Design aspects of rolling mill and

hot zone are discussed in the second half. Finally, areas requiring

further study before pilot plant fabrication are outlined.
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ITI. PROCESSING OF THE STRIP

A. TFlow Diagranm

The entire process involves seven steps as shown in the schematic

flow chart (Fig. 1) which closely represent the final system. The

stéps in the order of fheir occurrence are:

1. roll compaction of pure ﬁiobium powder to form a porods strip,

2. sintering of the green strip to make it strong and ductile,

3. infiltration with tin to obtain an interconnected network of tin
pockets in niobium matrix,

4. metal cladding or coating of the ribbon,

5. mechanical reduction by cold rolling which elongates the tin clusters
into fine filaments,

6. chemical reaction to form Nb.Sn filaments, and

3
7. metal cladding with copper or aluminium.

To greatly simplify the design, fabrication and operation the entire
s&stem is divided into two stages between steps 3 and 4. The coiled
strip after the first stage serves as input to the second. In addition
to simplicity parting just before cold reduction has the adVantages
of not harming the flow of tape in one stage in case of a breakdown in
the other, of not necessitating synchronism in speeds of tape at various

points, and of eliminating a vacuum seal between steps 3 and 4 when the

first stage is to be enclosed in high vacuum.



B. Suitability of P/M Processes

Most of the conventionally produced superconducting tapes have

3Sn with comparatively

thick and flexible supporting layers of one or more metals like copper,

been in the form of one or two thin layers of Nb

silver and stainless steel. The extreme brittle nature of the inter-
metallic Compound makes the composite incapable of taking any apprecia?le
strains without breaking. This limits the usage of the composite where
it has to be bent, wound and unwound. But the tape produced by the powder
metallurgy processes listed above solves this problem because the thin
filaments allow more elastic deformation than the solid layer before
breaking. Furthermore the soft matrix of Nb surrounding the filaments
and some residual tin in the core of the fiiaments give the tape more
flexibility. In addition to this ﬁechanical ruggedness tﬁe loss of
power when conducting alternating currentsvis reduced considerably

for the same area of cross section of NbBSn. This is due to the
filaments' size, shape and configuration (being respectively, thin,

long and running almost parallel) which minimizes the hysteresis and

eddy current losses and improves the stability of the tape as a high
field super conductor. It is expected that these fascinating outcomes

of the P/M processes make the product most outstanding.
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III.' OPERATING PERAMETERS AND THEIRvINFLUENCE

. Porosity, étrength‘and ductility of sintered strip arelthe most
important.properties that have to be given first éoﬁsidératioﬁ, because
- they Aetgrmine all oghef ﬁroperties of thevfinal p;édgct. The green
powder compact is requi:ed ﬁo have édequate‘porosity to ensure a good '
volﬁme ffactibn of tin after infiltrafion. ‘Also tﬁe étfib should be
strong enqugh-to withstand its own weight during siptering and any'tension
: impdsed.on it by guiding rolls. Finall&, ductility of sintefed ribbon
~is essential to obtain heavy mechanical redgctions. "Siﬁce porosity
and.strength are conflicting pérameters a sort of-balancejis reached
between the two. Tapes with green porosity'ardund 307% were found_to,
~suit thé purpose very satisfactorily.-

A. Powder Characteristics

Tﬁé“variables inherent with the powder being rolled are: 1. particle
'shape and 2. size distribution. As the powder is bought from suppliers
,vlittlefcontrol could be exerted on particle shape.. Effect of size and
itsvdistributién on porosity has been studied by Prakash Babu. The
smalier the éize and the narrowef the distribution the finer and more.
uniform the pores will be. This would bring in fiqe'filaménts with
desirable disposition. Thus it was discovéred that an optimum porosity,
with an extremely fine distribufibn of pores, appeared to be in the
range =20 + lOu.'

‘Due to the scafcity of classified powder in sufficient quantities

tests were done with =325 mesh Nb powder with the following data:



Purity: 99.92%

Apparent density: 3 gms/cc
Sieve Analysis:

- 270 + 325 Mesh: 1.5%

- 325 + 400: 26.0%

- 400 : 72.5%

Scanning electron micrograph of the powder is shown in Fig. 2. The
angular and highly irregular shape of the particle seems to contribute

to the good green strength of the rolled strip.

B. -Powder Rolling

During roll bonding the variables associated with rolls are roll
diametef; surface quality, peripheral speed and roll gap. Rolling was
done in both'air and vacuum to observe the dependency of green porosity

on these variables; The mill_that was employed is shown in Fig. 3.

It had 2 inch diameter steel rolls with 0.250 in., 0.285 in. and 0.475 in.

wide rolling_surfaces.separated by grooves to accoﬁmodate powder-feed
hoppers. The quarter inch surfaces»were roughenedvusing 320 grit emery
paper to improve ffiction. As this was the only rolling mill available
thg effeét of diameter‘c§uld nof be examined. Howevef, literature on
powder rolling6 says that the usual fatio of foll:diameter to strip
'thickneés is in the range of 100 to 300 : 1.

Observations of rolling tests are listed in Table I. :The pdrosity
was caiculated by accurate measurement of dimensions and weight of'the :
green samples. The flow of powder was found to be retarded in vacuum,

~as would be expected. If it were in air, the air pockets escaping from
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the coherent éone,* through_the'powdéf in the incéhefeﬁt region,'stir

the particles so that they.settie dowﬁ uniformlyt  Theré_is no such
fluidisation taking place in vacuum rolling. As a resﬁlt the vacuum
foiled étrip‘was slightly ;hinner.ahd had nonuniform stfeﬁgth &uevto '
weak spots_along the length, especially when the quarter inch wide strip
was rolled- When'ﬁider strips were prodﬁced in vacuum the strength Qas
found to bé.more even, suggesting that stationary‘endvWalls of the hopper
were hindéring the fiow of powder adjacent té them. The latter fact
led.to poor edge compaction whiéh along with the poor flow of powder

in vacﬁgm aided breakage in less wide ribbons. This is highly undesirable
ffoﬁ the standpoint of quality control and necessity of trouble free
passggé of strip to the sintering furnace in a continuous system. This
difficuity was'ovéréome Qhén a vibrator (60.cps electric buzzer with

the.dome rémoved) was attached to the hopper (Fig.IB). .There was much
better compaétion along the width in general and ét the edges in particular.
This could be evidenced by the decreased po;osity (Téble I) and reduced

loss bf,loose powder falling near'the edges duriné rolling. Other methods
to achieﬁg gbod edgé compaction will be discussedtunder the subheading--
Edge Restraint; | |

| The effect of roll speed.én porosity, as could be seen from the
obsgrvations in Table I, is hot as profound as of roll gap or use of
vibrator. .The surface condition of the rolls also plays aﬁ importaht

role. The rougher the surfaces the more is the compaction because of

. increased grip angle. Powder head does not seem to have any appreciable

¥ : .
Defined by the arc of rolls corresponding to angle of grip.



effect on porosity. Now it is only a matter of common sense to expect
a thicke; green strip with adequate and uniform porosity frdﬁ sandblasted
rolls fitted with a vibratiﬁg hopper.
| ..C. Sintering

| During ;intering the mechanical bond between individualbpafticles
of the porous strié becomes avmetallurgical one, thereby impérting
strength and ductility to the stfip. éintered strip should have enougb.
ductility for two reasons. It shopld be able to bé cold rolled to
reductions of the magnitude of 80 to 90% without undﬁe cracking. Also .
as pointed out earlier the final product has to.be.flexible in order -
to be put t0vuses>like coilé for magnets. Ductility together with
adequate porosity can be obtained 6nly by carefui selection of dwell
time'and tempefatufe of sinﬁering. Another equélly importaﬁt variaBle

that has to be judiciously chosen, is the sintering environment.,

“

1. Sintering Atmosphere
Pure niobium is highly reactive at elevated temperatures. So even
27 H2 and N2 in the

sintering atmosphere leads to the formation of their'respective chemical

the slightest presence of impurities, chiefly O

campouﬁds which embrittle the strip.. Hence, the choice lies between

very pure inert atmosphere:aﬁd vacuum. Because‘of the apparent advantages
of more reliable seals at feed throughs and eiimiﬁating'the need for
elaborate pumpingvequipment, sintering under heliﬁm and argon were first
tried. Earlier investigatorss’7 used commercially available highest

purity helium and argon with total claimed active impurity levels* of

2 2

* o
Argon: 0, =3, H, =1, N2

= 5 ppm; Helium: O2 .2, N2 = 1 ppm.




1.2 énd‘9 ppm fespectively. They reported embrittlgﬁent of thé_strip
irrespective of sintering dufafioﬁ. Tﬁis had led to the building of
. a small géé purification plant oﬁ'a laboratbry scale. .

 The ideéfwas one of Zaklad.8 The flow diagram of the élant is
shown in Fig. 4. It consisted of a stainless steél tube filled with
Coﬁpef catalysf calléd’BTS (manuféctured by thé_BASF) and a.coil of
stainless steel tubing containing molecular sieve‘g:anulés:of grade 4A.
(made by the‘Linde Corpération), Oxygén preséqt.in ;hevargon was rem§ved
whén the latter ié passed ﬁhrough the BTS kept‘at 200fC.. The molecular
éieve maintained at liquid nitrogen temperature‘enttapped the water

Vapor, C0,, hydrocarbons and nitrogen. The purifier was connected

20
directly to the sintering furnace. The gas was purified continuously
as it flowed in a closed loop. This purification procedure was belieQed
to get the total iﬁpufity level from‘9 to approximétély'B ppm. Sintering
under such aﬁ environment, unfortunafely proved”frﬁitless. Also helium
was tried in a similar way but with no success. .Thg ductility was still
gnacceptéblelas the sintefed strip gould not take any appreciable
bending. It broke when bent around a radius of one inch. So it was
Acoﬁcluded that the'purity ofvthe inert gas was not sgfficient to prevent
the formation ofvoxides, hydrides and nitridés 6f Nb wﬁich are responsible
for embrittiément.

The only.alternativevthenbieft,was vacuum.__The existing Abar
furnace whose sectional view is shown in fig. Svﬁas pumpiﬁgiequipment

. that can pumﬁ down to pressures in the range of 10_5 mm of mercury.

Sintering in vacuum of this order was found to be very encouraging. In
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spite of the fact that a vacuum system requires elabofate pumping
equipment and often trouble shooting seals, utilization of_vacuum as

a sintering medium has the following major advantages.

1. A relatively poor vacuum of 1 micron ( = lO-3 mm of Hg) corresponds
to a "high purity" gas having a residgal impurity content of 3 ppm. A
vacdumvof 10—6 mm of Hg corresponds to an impurity.content in the gas of
3 ppb which.is possible to ébtain only in a static (completely sealed)
system of comparable vacuum integrity.

2. Vacuum being the cleanest awailable ﬁrocessing atmosphere cleans
niobium strip during sintering thereby making it ductile.

2., Effect of Time and Temperature

A series of experiments was conducted to investigate quantitatively
the dependeﬁcy of ductility‘of ribbon on time and ﬁemperature of sintering.
The_saﬁe kind of powder as mentioned before was uéed throughout; Green‘
strips'were made by rolling in air with a roll gap of 0.015 in. and roll
speed of 30 ipm. The rolled strips were 0.019 in. thiék and 0.4 in. wid?
afte: edge trimmingé; They had é green porosity of 28 t 1%Z. 1In each of.‘
the experiments about 4 in. specimen was tied ﬁq the bottom of a tantulum
rodband hung in the extensibﬁ tube of the Abar furnace (Fig. 5). The
furnace was pumped down to the 10"5 mm of Hg range, heated up and main-
tained at 1000°C for ten minutes fof oﬁtgassing of the furnace walls.
The_temperature waslthen raised to the sintering range. When it stayed
constant.at a»predetermined value, the specimen was introduced into the
hot zone. After sintering for a specified time thé specimen was taken
back into the extension tube for cooling. The pressure in the furnace

A

used to increase from 1.1 X 10 @ to 2 X 10—4 mm of Hg in the first few
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. seconds of éintering and drop down to where it started after a period
-of 30 to 40 éec.  The increase iﬁ pressure was due ﬁértly to degassing
'of'the_strip'and partlyjto fresﬁ~surface of tantulum rod éoming into
the. furnace. The sample wés removédffrom the furnace_after it had
;béen cooled.

lvThe étrip>wasvﬁow ready for testing. Because of its physical
dimensions a sténdard‘tension test was considered unsuitable for noting
the perceﬁtgge elongation which is a difect measure of ductility. Instead
‘a rathér_crude but.effective'method was employed.v The specimen was cut
into f&o equal pieces and each one wés bent around rods of varying
_diameter in order, beginning with the largest diameter. The diameter
around which the bénding results in a visible crack in the strip was
recordéd.fof_both_top and bottom pieces. The smaller this "critical
diameter" for abspecimen, the more is its ductility. Keeping the
v temperature consﬁant similar experiments were done for varying durations
of sintérihg. Next the temperature wés fixed at ano;hef value and the
same pfdcedure was repeated. The observations were used for plotting
critical diameter versus residence time for diffefénf temperatures.
The plots are shown in Fig. 6. It is now possiblevfrom the plots to
intefpolaté any set of:sintering variables namelf tiﬁe and temperature

for a particular ductility.
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D. Infiltration with Tin

The third step in the manufacture of the super conductive tape is
the infiltration of sintered strip with tin. This was.done in the Abar
furnace after it has been modified.as shown in Fig. 5. A quartz tube .
housed thé tin bath contained in a graphite crucible. The b#th could
hé heated to any desired temperature from outside by means of a movable
eleétrical heater. The procedure of infiltration includéd heating the
tin to the required temperature while‘the sample was in the furnace,
dipﬁing for a predetermined duration and raising the samplg baék into
the‘cold zone for cooling. This could be done in either vacuum or in
an inert a;mosphefe.‘

For good infiltration the liquid tin should wet well thebniobium

strip without any reaction and flow readily into the pores by capiliary

action. An increase in temperature of tin causes a decrease in viscosity.

Thus, - 1iquid tin which is very viscous at 240°C (viscosity = 212 c.p.)
hecomes thiﬁ:at 650°C and flows like water (Viscoéity = 1 c.p.). Surface
tension Vhiﬁh is responsibie for capillarity, is actually reduced with
temperature; but the reduction being very small (from 526 dyneé/cm'at
253°C to about 515 at 650°C) does not affect the process at all. But
since at toc high a temperature, diffusion reaction to fprm the brittle
cbmpounds of Nb and Sn is favored, one has to guard‘against this. Even

though the formation of Nb_,Sn is time dependent little of the compound

3
was detected in the microstructure analysis of the strip which was
infiltrated in tin at 650°C for as long as 5 minutes. Samples with
infiltration times varying between 1/2 to 1 minute at 650°C showed

absolutely no difference in the content of tin and the infiltrétion was

quite satisfactory.
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Completé-infiltratidn:can be\attéinedionly when all the pbres:afe
interlinked.  The queétionlbf disconnecteﬂ'pores,'fortunately;'doés_not
arise because the siﬁteréd.strifvhas a porosity éf the otdgr of‘ZOZ,'
whereas according.ﬁo'Caputqvand Pelslq a porosity_df 10% ﬁr more in a-
powder compact would Se a n@twork_of pores with iﬁtercdnnectiohs.

Infiltration.under inert a;moséhefe:provéd infefiof to :hétzih
Vacuum. The crbss'seétions of infiltrated stripé were stﬁdied.under
fhe microscope after anodizing ﬁhe pélished~surféce;vusiﬁg Picklesimer
solution. One usual observation was‘the'differencé in size and amount
of pores between the centre and the edgéé of the cross section. Porosity
ﬁas higher with larger pores near the edges than in fﬁe centre; This
diffefence disappeared to a large extent in wider éndvcarefully rqlled_
specimens using a vibrator. This ié of coursevdue té uniform dis-
’xf_tribution bf roll pressure in wider strips énd imprdved flow of_ppwder -

‘Whén.tﬁe_vibrator is used. Micrographs shown iﬁ fig. f indicate the
- difference of porosity between edge and centre of a typical.infiltrated
sample. |

E. Cold Reduction

The aim of reductioﬁ by rolling the infiltratedvstrip is to élongate
ﬁhe interéohqected network of tin to form fiiaments. The thinner the
filaments éré, the bgtterfthe supervconductof properties of the finished
tape will be. - The ﬁossible percentage'of reduction without deleterious
edge cracking depends on the constituents of the strip and their ductility.,
The softer tin with a lower flow stress flows more readily than the
niobium ﬁatfix and there is a danger of its loss due to "squeeze-out"

at higher reductions. This has been observed by Pzakash‘Babu in
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microscopic examination of longitudinal sections of 90 to 95% cedﬁced
specimens._ They contained cavities resulting from tin squeeze—out'

and subsequent elastic springback of nicbium boundaries. Also mechanical
reductions Eeyond 902 eﬁowed wrinkling when the initial’strip thicknees
'wes less thah 16 mils. Therefore, the selection.of % reduction should

be besedvon optimal agfeement Between electrical and mechanical properties.
Since roll pressure_is responsible for tin squeeze-out it is advisable
always to reach theifinal thickness in as ‘many cesses as possible.

| Edge crackicg is another problem aesociated with rolling. then

the strip is reletieely thin and the pass reductiqn,heavy, the edges
barrel and are forced to elongate by the dragging effect cf the bulk

of the material. If the ductility of the material is limited, the
combined action of secondary tensile forces developed due to this
dragging eﬁd ccmpressive.forces of rollé.results in cfacking. The
ductility of a strip is impaired.by the presence of a phase (tin) which
.hae a low melting pciﬂt.ll_ Trimmicg of the edges between passes reduces
. the pfopagation of already develobed cracks.. Tapes worked to 85 to 90%
reductioné using a 4 high mill (1.625 in. dia rolls backed by 4.5071n. dia
roils) in ebout 6 passes with two intermediatevedge crims seem to
 possess optimum characteristics including very'good‘flexibility. They
could take approximately 0.2 in. diameter bends..-Photomicrographs of
Fig. 8 show the longitudinal sections at 50, 65, 75 and 907% reductions of

a sample sintered at 2250°C, 1 X 10—4 mm of Hg for 2 minutes and infil-

- trated at 650°C for one minute. The gradual change in the thickness

of the filaments can be seen from these pictures.
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F. Reéction by Diffusion Hgéc Tre#tmént
Reactibﬁ_bétween nioﬁium and tiﬁ is a'diffuéion proéeés;v It could

take plaée at Qarying conditions of time, temperature and lﬁiitﬁnngﬁt.
The séme arrangement-qf_the tin bath under the Abaf furnace'mentigngd‘b
bea;liervwas emﬁloyed for studying the effect of these pafageteré; Useful
raﬁges féf temperature and time were feéched aftér a numbér of trials.

A 0.004 in. thin 75Z reduced strip required 3 to 4 minutes treatment

at 950 to 970°C for complete reaé:ion of tinm. Iﬁ a 90% reduced tape
- which was only 0.0016Iin. thin, a dip for 40 to 60 seconds at the séﬁe
tin bath temperatures converted almost all the iﬁpregnated tin to NbBSn.
This was éo_because the area of contact between niobium and tin of fhe
" 907% reduced tap was much greater than that in thg Iover reductions.
Alsd; it.was”beiieyed that the amount of‘coldworkvmight increase the
rate of diffusi6ﬁ. The rate of cooling after thé diﬁ_was suspected to
bé playing.én_important role inAthe reaction pﬁénopeﬁon. Samples that
wéfe COoled verylslowlf just above the tin bath éontained a noticeable

émoﬁht gf NB6Sn5,,aqothervintermetallic compound; va6Sn5 shows np as
a reddish'brown phase after anodizing._'Consequehtly the samples carried
less critical current when tested. Hence, it is reéommended to cool
'T_sufficientli fast'in order to avoid~this shortcoming.

Earlier investigators have conducted diffusion treatment.uuder ,
different enviroﬁmenté. Ih vacuum heat treatmeht evapor;tion’of tin
fromzthe éurface was a'sefious problem. Use of iqert gas atomosphere
.:(He or A) minimized Qapohization; But heat treatﬁent in #vtin bath

proved to be better because when the strip was removed from the tin

bath a layer of tin was left on its surface. This tin coat improved
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fiexibility and facilitated sbldering of the strip which was hérd-to
échieve otherwise. Diffusion in tin has an additibnal mefit that the

open pores resulting froﬁ tin squeeze—dut at heavier reductions would

once again.be filled with tin. For the séke of stability ofrthe composite
as a super conductor and mechanical flexibility for handling, a heaVy
coating of tin is essential; Another dip féf a éhort time in. tin
maintained at about 300°C is all that is necessary. Also partial

reaction leaving some tin inAthe cenfre of the Nb3Sp.filaments (Fig; 9}
was :found to coqtribute to additional flexibility. Fufthermore, incomplete

reaction mignt be necessary if the preference is towards finer filaments.
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1y. PILOT PLANT DESIGN‘CONSIDEﬁAfIONS
Primary design involves a complete understaﬁding of all the processes
'and knowiedge of all the problems associated with each of the processes.
. Since thevﬁfeceeding séction of the report had dealt eséentially with
nthe‘proceSSés‘and the iﬁfluence of their variablesvoh the properties-.
of the-ta?e, attention is now focussed on to the prdBlems'thatvhave been
encountered during the course of éxperimentation.and*discussiéns to aid
the'design and‘assembly; The problems are analysed in the sequence
‘.Qf their occurrence, after the following sumary of feasible ranges.
for operating Qariables.

A. Quantitative Recommendations for the Operating Variables

‘

Assuming that 0;016 to 0.018 inch thick green strip has to be
vprqduced and processed to the final form, the folléﬁing recommendations
could be ﬁade bésed on the ﬁests conducted so far.
»Rolling:v
l.A’Diaméter _ : 2.0 in.

2. Peripheral speed : 30 ipm

3. Roll gap 1 0.013 to 0.014 in.
Sintering: | |

‘4;_ Temperature . © 2300 ﬁo 2340°C '

5...kesidence time : . 60 to 40 sec

6. Vacuum . S 10_5 to 10f6 mmbaf Hg
Infiltration:

7. Tin bath

temperature : 650 = 20°C

8. Dwell time : 30 to 40 sec



~-18-

Cold reduction:

9. 7% reduction _ : 80 tob90 %

10. No. of passes : 6 ﬁo‘lO
Diffusion:

11. Reaction tin bath tempefature : 950 to 1000°C

12.' Dwell time ' . v : 1 to 4 mins

B. Powder Feed Mechanism

The objeétive is to supply Nb powder to the folls at a constant
rate to ensﬁrernot only continuouS'comﬁactioﬁ Bﬁt consistent green-
porosity along the iength and across the width of thé strip. Since
the entire system would be enclosed in vacuum the powder lot should
eithér be stdred in one or ﬁore-hoppers inside tﬁé;QQStem itself or
be supplied in batches intermittently from ouﬁsidé, through a double
. doof méchaﬁism. Calculations showed that the powder required for
- quarter mile, 1 in. wide and 4 mil‘thick (75% reduction f:om 16 milsv
or 90% from 40 mils) weighs nearly 14 pounds and occupies a volume
| of 2 litres. So the entire mass of powder could simply be stored inside
the system without any difficulty. |

The.inherent éoor flow of the‘powdgr which is due to a wide size
disfributioh and a large fraétion of fines, causés a éroblem in its
feeding. Furthermore, the flow would be worsened in vacuum than in air,
for theré is no air to act és a lubricant between particles.' To avoid
bridgiﬁg of powder masses it is néceséary to h#ve two hoppers--one, a
storage bin frbm which the powder is steadily fed .to a second hopper

installed on the rolls. Two possible methods of feeding from the bin
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to the f§11 hopper are shown in Figs. 10a and 105; In screw-feed;'ﬁhg,
drive céuid'be-taken'frOm one of the rolls through an endless chain.
Thé feed rate could well be adjusted at any desired value by varyiﬁé
“the aperature.thréugh which thé péwdér coﬁes in contacf Qiﬁh the scféw;
In case_of the other method, the bottom gate of tﬁe bin is shakgn By i
some meéns»to prevent the po&der from bridging. However, vibfationsvof
any kind resulf in highly intolerable segregation of powder after a |
.éhort.tiﬁe. Since the screw¥feederVcauéeé'littlé segregation, it is
préferrgd:to vibrating cone feed. The only dréwback i1s that it requires
an gdditional motion inside the vacuum. The powder would flow well on
the second hopper if it is let fall by gravity froﬁ a small heighf.
OtherwiSe'shakihg as it enters the roll gap by means.of a vibrator is
i.ngvi_tahle .

'C. Rolling Mill Design

: Tﬁé fir§t and fofemost requiremeht‘for the rélling mill is the
precisidn‘withqut whichIQUality control bécomeé impossibie. Good wear
'resi$Cahcé is the next important factor for the roller material in
order to maintain a_desired surface condition until.after a long run,
But, irrespective of_hardness of the rolls initial roughness would
change with fime, the change being more in the initial peri&ds if the
surface is foo_r§ugh'tovstart with. So it might ﬁot.be unreasonable -
‘to assume that a fairly stéady roughness would prevail after é few
hours of rolling. If a gradual sﬁoothening.is detected due to wear,
the éurface‘could,be conditioned continuously by éome type of stratching

from below.
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As the entire mill has to be mounted in vacuum,vébove the sinﬁering
furnace,.speCial bearing§ which operate troublé free in vacuum are ﬁo
be'usgd. The power could be transmifted from outside to the mill through
boﬁh the.roller shafts universaily coupled to two other shéfts driven
'by an electric motor. 'Theré must be a means tovvarf the spged from
about 2 to 8 rpm. It was estimated from the rollutofque (600 in. 1bs
for 1 in. wide tape), avmorot with a 0.5 hp rating would ﬁrqvide,a safety:
factor of 2. Keéping all these requirements in miné, tﬁe following
selectioné have tentatively been made.

Roll Material: (one of the three)

' Hardening Tempering Hafdness Impact _
Type Temp. °F Temp. °F Rc Strength#*
a) AISI D2 1875 - 325 62-63 - 75
b) AISI D7 1975 35 6k 19
c) AISI A7 . 1750' . 400 65

Bearings:
Needle bearings: Torington Co. W.vJ}—243024
.Capacity 12000 1bs.

1. Edge Restraint

In the practice of powde; rblling the problem'of poor edge compacﬁion
is inevitably‘encountéred. A simple way 6f-testing the distribution of
pordsity along the width of a ;olled strip is to dip it vgrtically in a
good wetting solution (kerosene in the case of NB powder).and to observe
the extent of infiltration while holding the speci@en'steady. Twé

‘reasons seem to be responsible for poor edges. It is known from the

% .
Unnotehed Izod Impact Strength in ft. lbs.
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~ theory of,tblling‘thét in the flat rolling of powders the roll interface“
Apressure-changes nbt 6nlyJalbng the arc of contact corfespohding to the
ahgie of grip, but also along tﬁe width of the strip. The gradual drop
iof‘interface pressure‘towardvfhe édges which is‘due>to plane-strain con—.
‘ditions prevailing in the central portions, leads to &ariatiﬁn in pbroéity.
This wﬁs evidenced‘when a one inch wide:strip was. rolled withoﬁﬁ‘an&lend
éonstraiﬁté bﬁ'the ungrooved pbrtion of the ;dlls.. Tﬁe seéon& reasén .
'fg for_poor'edgeq is the static end walls sitﬁing in thé gfooves to confine
~ the flowﬂqf powder. As'pointéd out earlier, the stationary walls retard
-the particle.floﬁ adjacent to them like a flat plate in a laminar flow |
of a liquid. As a result the powder feed at the edges is quantitatively
léss than.in.the centre. QuitéVOften, it so happgns that the amount |
~of powder thére'is tooviﬂéufficient to forﬁ a mécﬁénicél roll bond
between.particlés.v This means that the loose powder would fall off at
) the end walls of the hopper. Thus the wall-effect is doubly determintal.
Oﬁé way of.reducing'td a great exﬁent the effect of pressure drop
:along the width is to’make the roll surface slightly concave, the
curvature being confined to the edge.regiﬁn where the change'iﬁ poros&ty'-
is most noticeable. When the quarter inch r511 gurfaces were ground
concave wifh a maximum dimentrical difference of-0.0008 in., the edge
v compaction.wa$ obse;ved to be impfoved markedly;
| Various means of édge restraint to éliﬁinate the harmful en&—wall

effect have rééently been developéd. Some of them which migﬁt brove
' applicable are discussed.below. The principle ip éil the examples
showﬁ iﬁ-Figs. 11, 12 and l3ylies in the fact that the static walls are

replaced by moving members which keep the relative velocity between
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theméelves and the roll surface as small as’ practical. 1In Fig. 11, the
restraining elements take the shape éf endless beltsvto faéilitatg |
continuous-rolling. Even though the thickness of such belts is necessafily_
limited by'ﬁheir flexibility, ;hey are exﬁected to give adequate strength
because ofAthe support they receive from the rolls. The belts should,

of course, move at thé same speed as that of roll surfaces. The Secondv
eiample qf Fig. 12vis a more compact arrangement in which the restrainiﬁgA

element is made in the shape of a ring. The only disadvantage with this7_‘

is that the surface velocity of the ring is not constant over the thickness

6f the'powder strip, i.e., the plane of the papef, and the rolled strip
" might .tend to curl toward the roll on tﬁe left.

A further application qf the pfinciple is iiiusfrated in Fig. 13.-
It consists of two flexible riﬁgs made out of stiff rubber-like material,
mounted one on each roller shaft as shown in thé plan view. The rings
are held tight against the rolls by means of coiled springs which could
.be fixed on one end_to.flanges on the shafts. The outer diameter of.
thé'rings should be such that the dimension.H (the height of point of
intersection of roll diameter and ring diameter from the line of céntres)
is greater than the height 6f the coherent zone wﬁiqh depends on the
gripping angle and the diameter of the rolls.  The merits of this kind
of setup are that a pressure could be exerted oh the powder being rolléd
from the sides because of the springs and that theitape deflection
present in tﬁe second example might be avoided. All the three means
of'edge restraint discussed above require specially constructed housings
to hold powder on the rolls depending on the.shape of constraining

elements.
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D. " Design of Hot Zone
- A good dééi of time was spent .to inveétigaté';héfpoSsibility,of
- cutting the'sihtering‘tiﬁe down ﬁo half a minute by inc;easing ;he»A
teﬁﬁefétuﬁéséo théfbthe furnacellength could be reduéed. Because of
. theulimitation in getting and difficulty in‘m#inféining'a fanperaturé
ihighef than 2330°C, even after the power’BOOSting,.sihtering béﬁayiof_
éoﬁld ﬁot be stﬁdied at higher temperatﬁres. ‘But from the observationsv_
-made already, there is no.reason ﬁhy it should not,bé possible to_obtain -
adequate sintering ét températurés in the néighborhood of 2350°C for
; BO-Seconas, But then the question is.whéther or not the Nb strip can
‘ support, ét that temperature, its own weight in the hot zone andvany
tension.caused_by ﬁhe ribboh—guiding rolls belo@ the furnace. The green
'strength.doés th,pdsebany probiem because accordingvto reference No.»?
the'gréen tape with aiporosiﬁy in the rangebof.oufﬂinterest is capable
"~ of support leﬁgths éf the‘magnitude of several hundred inches. So tests
have'béen conduc;ed to evalﬁate the hot strength. A carefully rolled
‘h  0‘25 inch wide, 16 incb long spécimgn was hung in the furnace.v The
top end was fi#ed“td the tantulum:fod by means of a clip. Xnown ﬁeights
wefe aftached at the bottom of the strip, and could be>seen hanging
: ;'free in ‘the quartz tube? The middle portion'of fhé ribbon was then
'§ heated in vécuum to 2280°C ana maintéined for 3 minﬁtes. The specimen
did not break;; Aﬁother similar test was performed with increased
weigﬁts:with thé ipfention of breaking the strip; but as in the pre&ious
_éase{ it supporte& all the load. The results are summarized on thé

next page.
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wt/inch
Total Weight of Tape Supported Length
Test 1 15.6 gms 0.333 gm 52 in.
~ Test 2 27.0 gms 0.333 gm . 8l in.

The supported tape lengths were calculated taking info accouﬁt the
weights as well as.the weight of the specimen beiow the centre of the
Hot zone. Though it ié now clear that a 30'inch‘ho£ zdne does not pose
a problem at 2280 °C,'the hot strength at temperatures beyond 2300°C
is yet to be observed.

'Variqus methods of heating including graphité element and quartz
filamentvhaVe been explored. Tungston mesh element seems to suit our
purppse’bestf As 30 inch long mesh in one piece would be very siender
and weak when hot it is safer té employ more than one element. Use of
standard sizes makes the replaqement easy and économical, in case of
damage to any one of them. The diaméter of the elements should be at

least 2 inches to leave a clearance of half an inch oﬁ either side of

the onebinch wide ribbon. Any modified shape, for instance an elliptical.

or even rectangular cross section'for the element;‘would not only bring
in uniform heating along the width bat reduce thequwer input to the
furnace. But unfortunately it was learnt from several suppliers that .
1imitatiohs of existing manufacturing equipment makg the fabrication of
sﬂapes other than circular more tedious and uneéondmical. Therefore,v
“two 15 iﬁqh long, 2 inch diameter and single phase tungsten Brew Mesh

g elements each having a resistance of ~120 m ohms and.a price of
'_approximately 750 dollars could be specified.

. It is hard to make an exact estimate of power requirement to

maintain a suitable temperature in the range of 2300~-2400°C under the




-25-
‘dyhamicbcocdltiohs_of sintefingvbecause oflcomplex heet transferc The-/
vpower lhput is‘lergely'depecdent on the efficiency of heat shields
enclbeingcthe hot.zcne.'_By_assuming that the power is proportional to
the"volume of the working cpéce, it could be roughl&lestimated at
_90 to 100 kVA. .Thié range is reached on compariscn with existing
furnaces: | “ | 3
.'v If no means of edge restraint'is adopted in ?owdervrolling for
?easqﬁs of simplicify, care ehould be taken to stop_che passage of
loose powder into the hot zone. Otherwise the elements get covered
with powder end will cease to function efficiently. One way of solving
this ls to run the strip as it comes out of the\ﬁill, through a narrow
slic in’én inclined sheet of metal. Two possible schematic config-
;'uracicnsvof such a gate are shown in Fig. 14. The retained powder could
be collected in a tra&. Another way of achieving the same goalvis by
shadbwing the tungéten mesh with a high temperature metal sheet like
:l tantclum at the very top and letting the powder fell through uptil the
bottom where is. could be collected.

E. Pumping Equipment

,lhe higher'the vacuum the better it is for sincering. To ensure
goddfductility and cleanliness for the rolled strip, a vacuum of the
' ~order oflO'T6 mm of Hg should prevail in the furnace. For any vacuum
 system, chelpuﬁping capacity and the speed are directly related to the
'vaCUum'chambef's Vclume and the amount of outgassing.of boch inside
'surfaces énd the strip itself during sintering. . In a continuous
system, the major factor is, of course, fhe last one, because the

_ chemically combined gases as well as those aldsorbed by the large surface
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of éhe powder, evolye when the porous body is hgated. A sihtering test
was conducted to determine the améunt of-gas evoluéion{ " A precisely
weighed powder compact was heated at 2150°C for-5.minuces and from the
observed weight loss the percentage gas evolution by weight was found
to be 0.16. For a more accufate esﬁimate, other tests are being done
where the furpace pressure variation ié reéorded during heating with
and without hanging the sémple in the hot zonme. Superimposition of

the two pressure records should give us the iﬁférmatioﬂ oﬁ gas erlution
‘if all other fqrnage conditions are éssumed to belidentical in bbth
cases. The éctﬁal selectioﬂ of pumping equipment wquld be possible
only afﬁer showing these'test results. ‘However, it has been decided.

to use an oil diffusion pump backed up By a mechanical pump.

F. iﬁfiltration Tank
A 40 second impfegnation would require a. 20 in. long tin bath.

Calculations show that a quarter mile of 1 in. wi&e and 0.018 in thick
(pr one mile of 0.25 in. wide and 0.018 in. thick) tépe would consume
approximately llSrcubic inches of tin. So a tin‘bath haviﬁg a shape
'vlike a deep tub with»dimensions.ZO in. X 2 in. X 4 in. deep could'ﬁe
used satisfactorily. The tub matérial could either be ceramic or
 -graphité'since tin wets to or reacts with néne of.them. Multiple
electric resistance coils placéd along, around and beneath ana tub could

maintain uniform temperature throughout the bath.
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,G. Operation of Stage I

| After most of the Stage I design aspects are. dealt w1th a tentative
arrangement of all the plant elements has been agreed upon. Figure lsp_t
. illustrates the main features of the stage. lhe powder is stored in &
hoppers'which can turn in a circle about the centralfsupport The powder
can be released into the smaller hopper}on the rolls at a constant rate
from any one of these b1ns by rocking the shaft connected to the bottom
gate.’ The rolled str1p finds its way through the 30 in. long hot zone"
sitUated right below the rolling mill. After.the sintering process the
S tape isbguided'by 4 sets of rolls of which the top one is driven with
15 small constant torque exerting a predetermined force on the tapea
to keep it straight. Then the tape is twisted throughp30° over a length
- of 32 in. and directed into the tin bath for impregnation. Finally,~
'the coiling dev1ce takes up the infiltrated tape. The speed of the
take*up coil is controlled by a set of photocells which senses the
tape's position when it takes a turn at the bottom of the vacuun chamber.

The only problem remaining,unsolved till now is that of start-up,

_that is; how to start the whole operation. Two ways have been looked
into to find their applicability with minimum trouhle. The first one
is to roll—clad between Nb powder, a thin refractory metal tape whlch
has been taken through all the path from take-up c01l to the roll gap.
The claddlng to a SOlld tape appeared to be 1nadequate and the
junction where the cladded tape ended was weak. Next a perforated
‘tape and a thin wire mesh nere used with some success'with the

‘latter. The second solution is to powder-roll a long tape, sinter

it while the rolls are stopped, open the system to atmosphere and run
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the rolls once again,.until the sintered fapé pass through the guidiﬁg
rolls and enter the bottom chamber. There the end of the Nb strip

is spot welded to any solid metal tape that has been taken through the.
rest of the path. It was ébserved that sintered Stfip spdt welded very
wéll to stainless steel tape. Breaking the vacuum could possib;y be
eliminated if provision is made inside the system to weld the two ends

together.
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V.- AREAS FOR FURTHER STUDY ;

Sinéé all the operatingvvariables qf Stage i:are either frozén-or
bropght down to narrow ranées, the_pilot'piant fabfip;tion could now be
initiated forfthe stage. Howeyer,vif a thicker final product is.févored
for reasoAs of mechanical ﬁaﬁdliﬁg;'folling behaviour of the powder

" has to be réstudied,'using a set of bigger rolls. Afegs ré§uiring o
'moré‘detailéd_investigation bef§ré building the seéohd stage-of thésv
- plant are diséussed Below. .
| i.ﬂ When a fedﬁced sample is heat treated in tin, nof only'thé‘
vnioBium surrounding the inside network of tin but éiéo that at the
strip sﬁrface in contact with the tin bath participétes in the diffuéion:

reaction. Thus, there form two layers of Nb_Sn enclosing the filamentary:

3
sftucture;.'These layers, whose thickness depend on the duration of
reaction, hélp'inérease the cufrent éarrying capécity; Now,.a study
4Vhas to.be made.to’relate'the layer thickness, reaétiqn time and grain
in éur:ent.}- | | |

2. . Thoﬁgh the filaﬁents are interconnected, at'Certéin points aiong
the léngth phey.arekfewer in number'ahd at certain’6§her regions'they
. are thiﬁner‘ﬁhan the average secfion.‘ Thqs,<whénhfhé tape is conducting‘
high cgrrenté.#herg'arevboﬁnd to be hot spots whefé-the total cfoss-
sectional area of Nbasn»is less, and these may cause a local risé in.
. temperatufe sufficient to change the superconductor to the resistance
étate. In order to overcéme this.instability, at least partially,
bonding the superconduEtor to a normal metal is'necessary which not‘only

provides a temporary alternative current path but acts as a thermal

shunt. This could be achieved in a number of ways: a) by rollcladding



-30-=

the strip between two metal ;abes'(eOpper,”aiuminumvor silver) after
the diffusion process; b) by vapor deﬁosition of a stebilizing metal;
and c) by dipping once again in tin maintained at a fairly low temperatufe,
.after the diffusien treatment.v Thougﬁ the last one apéears simpler and
less ekﬁenéive_efvall, a further investigation has‘§o7be made to compafe
the different appfoaches with regard to tﬁeir electrical, thermal and
strength behav1ors.

3. The percentage mechanical reductlon is one of the most important
factors whose selection should be reasoned by actual critical current
- tests. From_the few tests conducted so far by Dr. Gilbert, it has been‘
observed that 90% reduced tapes had higher dc critieal current density¥*
than 757 reduced.ones. At fhis stage it is belieVed that’the aC'pnbperties
of the tape woﬁld'ﬁe improved with higher reduetions; However, an
.accurate and detailed experimentation has to be carried out to find the
influence of mechanical‘reduction and diffusion :eaction time on both
dc and ac.propefties. A plot similar ﬁo Fig. 6 ¥elatiné diffusion time
and temperature with the critical current is veryAeSSential.to make
optimal cheice of the vafiables.- )

4. 1t is reported that deping the Nb with Zr or ZrO2 increases the
critical current independentiy of the production mei’:hod.2 So useful

work could be done.in the future to utilize the principle of doping in

~ the present P/M technique.

- v o .
Amperes per square inch cross section of the tape.
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~ - Table I
s egely | |
S1 | vVariable |Roll |8 & = | & |vibrator | Strip %
B S Gap a8 ls - {" Thickness | Green
L ' (mils) ° ‘,E (mils) Porosity
2 |
, 1 | Roll gap - 13 30 |vac. yes - ‘16.7 ' 21;4
T 14 | 30 |vac.|  yes | 17.6 239
3 | 15 | 30 |vac.| yes | 18.5 26.5
4 Speed '_.. _- 13- | 20 vac. ‘no ' .16;9 21.8
s 13 | 30 |{vac.| no | 16.8 23.9
6 13 45 |vac.| no 16.7 25.0
7 13 20 | vac. yes 16.8 v 20.5
1 13 | 30 |vac.| yes | ‘16.7 21.4
8 13 | 45 |vac.| yes | 16.6  23.0
9 Enviroﬁment 14 30 air yes 2 17.0 20.3
| - 14 30‘ vac. yes - 1%.6 23.9
10 o 14 | 30 |air no 18.0 25.8 -
n| 1% | 30 |vac.| no | 17.2 28.7
© 2 | vibrator | 14 30 |vac.| yes | 17.6 | 23.9
ST | 14 | 30 (vac.] no | 17.2 28.7
3| | 15 | 30 |vac.| yes 18.5 26.5
12| | 15 | 30 |vae.| mo | 182 | 314

Width of the strip: 0.5 inches

Powder head above the centerline of ‘the rolls: 'apﬁroximately 2 inches..
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FIGURE CAPTIONS
Flow chart, 1. powder rolling, 2. sintering, 3. infiltration, 4. cIadding,

5. cold reduction, 6. reaction and 7. copper cladding.

'Séanning electron micrograph of -325 mesh niobium powder.

Rolling mill.

Flow diagram of inert gas purification plant.
Abar furnace, 1. extension tube, 2. tantulum rod, 3. back filling

port, 4. electrical leads, 5. tungsten mesh heating element, 6. Nb

specimen, 7. radiation shiélds, 8. water cooled wall, 9. W -5% Re
vs W -26% Re thermocouplé point, 10. vacuum connection, 11. quartz

- tube, 12. graphite crucible, 13. liquid tin bath and 14. electric

heater,
Plotvof sihtering time vs ductility for varying temperatures.
Photoﬁicrographs of as ihfiltrated‘strips showing borosity at

a) edge'and b) centre; afeas 1. tin and 2. nibﬁium (roll gap: 15 mils,
roll speed: .30 ipm and no vibrétor;sintered in vacuuﬁ at 2260°C

for 3 minutés and infiltrated in tin at 650°C fpr 1 minute).
Photoﬁicrographs showing longitudinal sections‘of the strip at

a) 50%, b) 65%, c) 75% and d) 90% reductions; areas 1. tin and

2. niobium. |

Photcmicrographs of an 80% reduced specimen heat treated in tin at

- 960°C for 3 minutes; a) longitudinal section and b) cross section;

areas-l. tin, 2., niobium and 3. Nb3Sn;

Powder feed mechanisms; a) screw feed and b) vibrator feed.
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11,12,13, Edge réétfaiﬁing methods.
14. Loose powder collecting methods.

15. Stage I of the pilot plant.
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Fig. 6
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Fig. 7b XBB 731-437
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Fig. 8c
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Fig. 11
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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