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ABSTRACT 

An i nvps t i gar i '">n was madr- of the inMiienoo oi particle size 

on the properties : Ivitli porous and fin infiltrated niobium rods 

fabricated bv a t he rmop I a s t i c -powder metallurgy technique- The residual 

porositv, extrusion pressure- , tensile stron^'h and ductility were 

found to be dependent ^n tin- paitt^l- ^ i 7-1 •' strihnt ion. All ol these 

parameters were found to increase wit'". : :":, r< sine particle s : 7^ . 

Pie j n f 3 uenco of s i nter i nc t i no at n t p".ipera ' -ire o t 2?. r>0 s. was a i so 

studied. With nit reasinr sintering ' 1 *ne . Jr.. residual porosity and 

tensile strength dec reased . whereas rue duct it v 1 ncreasrd . 

The procedures tor iahrica11ne ; n : 1 i t r red ni oh•um rods and 

the various tes t s employed t o dot ITITI no t lie 1 • proper l irs are descr ibed . 
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I. INTRODUCTION 

Since the advent of the industrial revolution, the consampt ion 

of fossil fuels increased markedly- With subsequent innovations and 

changes in the state of technology, this consumption increased from 

a 1 inear to an exponent i a 1 rate . Today , a threat is posed on the 

deplet ion of this f in i te resource, thus compe] 1i ng the scientists 

to investigate methods, primarily to find now means oi generating 

energy and secondarily to preserve the available energy. 

High field superconductivity ernes into the picture as an alterna­

tive for generating and conserving energy. It is being used in social Iv 

hene fie i a 1 areas such as Trias s transit systems tt>r IPY;t at i ng and prope1 -

ling t ra i ns , transmission oi OJ.-M r i- r>-twer with mi n i ma 1 loss, as 

we 11 as in device', such as advanced : -^pn t e r s , gyro devices, large 

superconductive particle accelerator; ai t er magnetic tusion. 

Th<' phenomenon ot superenndu'11 i v i l •: was discovered by \\. Kamerling 

Unties in 1L? 11 . -'nnes, w}\n W.T. '. h- l.rst t • }'tqu'}tv helium, found 

that mercurv suddenly losr all • !e.'tribal resistance at ' .1 K; that 

i t: , it be came a perfect •• midiir1 e i . Th ; *-> nhenomer on was t ermed superron-

ductivitv. In the t-illowing year- little prnpre<-s was made because 

no known superconductors had nractic'ii application until the early 

I960 ' s when Kurtz 1 er et a 1 ' d i ^c^vrr.^1, that Nb Sri rema ined superconduc-

t ive in high magnetic fields. "rnvisioning the extreme usefulness 

of sup ere one! uc t i ng mater i a 1 s , t renendous o • f f or ts are being made in 

the research and deve1opmont of these superconducting materials and 

devices today. Some prototype qua si-commerc ial devices are alreadv 



-2-

in use and approximately 30 million dollars are being spent annually 
3 to further develop this technology. 

The research and development of superconducting materials is 

generally broken into two categories: 

1. Materials which can b? fabricated by conventional metal 

working processes. An example would be ductile solid-solution alloys, 

such as those of niobium and titanium. 

2. A15, intermetallic compounds such as Nb,Sn, Nb,(Al,Ge) and 

Nb,(Al,Si) which are very brittle and require special fabrication 

techniques. The A15 compounds exhibit superior critical magnetic 

fields and critical temperatures which allows the use of liquid hydrogen 

rather than liquid helium to cool the superconductor, which in turn 

adds to the feasibility of using compounds of this type commercially. 

Presently the method being employed commercially is the "Bronze 

Process." This process has its advantages as well as drawbacks. 

The main advantage is the inherent stability imparted to the wire 

as a result of its multifilamentary structure. This process has been 

used to produce Nb-Sn and V,Ga composite superconductors. On the 

other hand, the Bronze Process lacks versatility, insofar as the exten­

sion of the process to a variety of materials is concerned. For example, 

the Bronze Process has been found to be ineffective for aluminum-con­

taining compounds, which exhibit good superconducting properties. 

An alternate method has been developed at the Lawrence Berkeley 

Laboratory for the fabrication of superconducting materials, employing 

a powder metallurgy-infiltration technique. This technique has been 

successfully extended to the Nb3Sn , NbjAl 6, Nb 3(Al,Ge) 7 and Nb 3(Al,Si) 8 
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sy8tems. For the fabrication of niobium rods, which are prepared 

from powder and are to be infiltrated at a later stage, two methods 

have been employed successfully. The first technique makes use of 
9 isostatic compaction and the second method employs as a binder a 

polvmer, which is coated on the powder particles, thus rendering to 
10 

the powder thermoplastic properties.' Taking advantage of the thermo­

plastic properties of the powder, the substance is extruded as a rod, 

after which the polyr.er is volatilized by means of a prescribed heating 

cycle. It remains to expose the niobium rod obtained after initial 

sintering to a final stage, high temperature sintering to impart the 

final strength and ductility and to facilitate the removal of oxide 

layer which hampers the infiltration of the rod. The feasibility 

of this process for producing and infiltrating niobium rods was shown 

by Nordin. To obtain a superconducting wire from infiltrated rods, 

a mechanical reduction to obtain the wire, and an additional heat 

treatment for the formation of the A1S superconducting phase'' are 

necessary. 

This investigation employs the thermoplastic-powder metallurgy 

technique and reports the effects on mechanical properties, as well 

as on the process parameters, of three different particle size ranges 

and sintering time. 



_4_ 

II. EXPERIMENTAL METHODS 

It required five steps to go from niobium powder to infiltrated 

niobium rods. To obtain tensile specimens an additional machining 

step was introduced after infiltration. These five steps were: 

1. Coating of niobium powder with a polymer, thus imparting 

to it thermoplastic properties. 

2. Extrusion of niobium-plastic mixture to obtain rods. 

3. First stage sintering, which was a prescribed heating cycle 

to volatilize the polymer and impart handling strengt-h to the niobium 

rods. 

4. High temperature sintering to impart the final strength, 

porosity and ductility to the niobium rods and to effect the removal 

of oxide layer and other contaminants, which could hamper infiltration. 

5. Infiltration of the rods with tin to fill the network of 

interconnected pores. 

The process is shown schematically in Fig. 1. 

A. The Process 

1. Coating of powder (The uncoated powder is shown in Fig. 2) -

To impart thermoplastic properties, the powder was coated with 

a polymer. The polymer chosen was polystyrene. Selection of polystyrene 

was based on the fact that the oxide and contaminating residues deposited 
. . . . . 13 on the niobium particles after volatilization are minimal. The 

amount of polymer added to the powder was treated as a fixed parameter 

in this investigation. After several trial extrusions extruded rods 

favorable properties: that is, a fine surface finish as well as reasonable 

pore size and residual porosity. Lesser amounts of polystyrene would 
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give a rough surface to the extruded rods and too high an amount of 

polystyrene would give too high a residual porosity. To facilitate 

the additon of polystyrene to the powder a 3% solution (by weight) 

of polystyrene in toluene was prepared. Polystyrene is not readily 

soluble in toluene; the mixture was therefore left for about twenty-

four hours, after which it was stirred briskly and a solution obtained. 

An amount of this solution was added to niobium powder placed in a 

pyrex dish to give 8% polystyrene fraction by weight. To coat the 

niobium particles with polystyrene, the mixture was slowlv heated 

on a hot-plate to evaporate the toluene. During the heating operation 

extra care was taken in continuously stirring the mixture, as the 

quality of extruded rods was strongly dependent on how well the powder 

was coated, which in turn was controlled by good mixing, implying 

gentle but thorough stirring. 

When most of the toluene had evaporated a desired amount of 

plasticizer, which was 1/5 the weight of polystyrene, was added to 

the mixture. This piasticizer (27% diphenyl and 73% diphenyl ether) 

effectively decreases the required extrusion pressure. After a short 

while of continued heating the mixture hecame rubbery in consistency, 

making further stirring ineffective. The niobium powder was now coated 

with polystyrene, and to remove the final traces of toluene, the mixture 

was placed in an oven and heated for one hour at 115°C. The substance 

was hard at this stage and had to be cut in small pieces to effectively 

fit the extrusion cylinder. It was observed that best results were 

obtained when the pieces of niobium-plastic mixture were small. 
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2. Extrusion -

The extrusion was done by means of a hand-operated hydraulic 

press. The apparatus usee* for extrusion is shown in Figure 3. The 

maximum achievable fluid pressure in the hydraulic press was 3000 

pounds; the diameter of the loading ram was three inches, whereas 

the diameter of the ,.xtrusion cylinder was one inch. Therefore, the 

maximum extrusion pressure available was 27,000 psi. 

Bits of niobium-plastic vere placed in the extrusion cylinder, 

which was pre-heated to 165 C by means of a cylindrical heating element. 

The apparatus was so arranged that below the bits of niobium-plastic 

mixture was the extrusion die, below which was a base plug with a 

central hole, which in turn rested on an asbestos ring as a measure 

to prevent it from acting as a heat sink. The material was allowed 

to attain a steady temperature of 165°C. It was found that fifteen 

to twenty minutes were necessary for that purpose. Next, pressure was 

applied. The pressure increased until the material started extruding, 

after which it remained constant until all the material had been extruded. 

The extruded rod was allowed to cool while hanging from the apparatus 

for a few minutes and then broken off. The extruded rods varied from 

14 to 16 inches in length and were 3/16 inch in diameter (Figure 4). 

3. First stage sintering -

The purpose of first stage sintering was to volatilize the poly­

styrene as well as impart handling strength to the niobium rods. 

This was achieved by exposing the niobium-plastic rods to a prescribed 

heating cycle. The heating cycle was as follows: Ambient temperature 

to 400°C in approximately one hour; held at 400°C for one hour to 
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vaporize the polystyrene; 400 C to 1300 C in 45 minutes to one hour; 

sintered at 1300°C for one hour to impart the handling strength to 

the rods. 

The first stage sint' ing was conducted in a horizontal mullitf> 

tube furnace as shown in Figure 5. The heating vas carried out in 

an inert atmosphere of argon and inert gas was circulated through 

the tube to carry away the contaminating vapors to a series of oil 

baths. Passing the vapors through oil baths reduced the pollution 

of the laboratory. The size of the hot zone, about 13 cms. (5 inches), 

restricted the length of the rods which were to be sintered. At some 

point during the heating cycle the rods lack strength enough to support 

their own weight, which dictated that the rods be supported during 

sintering. The support used was a "ee-shaped tantalum trough. After 

being exposed to the prescribed heating cycle, the rods appeared straight 

and smooth as shown in Figures 6 and 7, with strength enough to withstand 

handling stresses. 

4. Final stage (high temperature) sintering -

The purpose of high temperature sintering was to impart to the 

niobium rods the final strength and ductility and to remove oxide 

layers and other contaminants deposited on the niobium particles. 

This operation was conducted in an Abar furnace (Fig. 8) the length 

of the niobium rods sintered at this stage was dictated by the length 

of the hot zone (about 6.5 cms. or 2.5 inches). The rods of niobium 

were hung vertically in the hot zone by means of a tantalum wire, 

which was attached to a tantalum rod (Fig. 8) at the other end. 



The samples were heated to a temperature of 2250 '. a' a pressure - r 

10 mm Hg for varying times. 

5. Infiltration -

Infiltration of the niobium rods with tin was i|in<> immediate 1 v 

after the high temperature sintering. A tin bath was -nntained in 

a graphite crucible which was placed in a quartz tube Fig. 8.' and 

heated to a temperature of 600 C. After the niobium rod bad been 

sintered for the desired time, the temperature of the furnace was 

turned down to 600 C and enough time allowed for the r--<\ to a'tain 

the same temperature as the tin bath. The niobium rod was then lowered 

into the tin bath until it was completely immersed. Next the pressure 

was increased from 10 mm Hg to a little below ain. >s ph •• r i •- pressure 

to force the tin into the pores. The infiltration time was 1 1/2 

minutes. 

To prepare tensile specimens of porous or tin infiltrated niobium 

rods, the rods were straightened and thpn machined on a lathe. The 

niobium rods were 3/16 inch in diameter and 2 l/i> inches in length, 

whereas the tensile specimens had a grip on each end which was 0.54 

inches long and 3/16 inch in diameter and the test section was 1.25 

inches long and 1/10 inch in diameter. 

B. Analytical Techniques Employed 

Optical microscopy was employed, to confirm that the infiltration 

of the sintered niobium rods with tin was complete, and to ascertain 

if the infiltrated tin had reacted with the niobium matrix. 



An anodization method developed by Pickiesimer was used to 

•': i s t i neuish the constituency of as- in ! ! 11 rat ed niobium rods. It gave 

a "harar ter ist i c C O I T to e^ch phase: blue tor niobium, yellow for 

tin and reddish brown lor Nb,Sn,. 
n 

Th.e porositv el the p. i oh i 

'i-N'ring, by sealing the pores of the rod with epoxy resin and weighing 
ri,p rod in water to determine the buoyant force and hence its volume. 

By i-nvinE the density of niobusm ar,i'. weight of sample, the porosity 

of o : oh i urn rods was ca ! ' u 1 a*, -'-'i : 

P o m s i t v Vol (pores) 
Vol (total'1 

Vol (total) - Vol (Nb) 
Vol (total) 

Vol iNb) 
Vo' (total ) 

wher-'. Vol (total) is the volume of Nb rod, calculated from the buoyant 

, ,, , f„, % Weight of Nb rod 
t n r f and Vol (Nb) = =-. r-^-, . 

Density of Nb 

An I'istron machine was used to perform mechanical tests on the 

poro-:s and tin infiltrated niobium rods. These tests were performed 

on specimens made from three different particle size powders with 

the sintering time varying from 5 to 20 minutes. 

Scanning Electron Microscopy (SE^.- was used to determine the 

mode if fracture on the surface of fractured specimens. 



An a t t e m p t was made- t o '.eparxie r h*"' :\ •-. - r '••>•; v f , r i ~-.v'?rr i n r -

d i f f e r e n t g r o u p s , a c c o r d i n g tr- ? h<"- p. ir; i ' !*• -.; ?.'- •!.•-? r ; ^'i1 , • r , hv 

t i s i np ^ Powder M i c r o - C 1 a s s i i i T . Tri i .T ' .--"ipr • . - ! . . . ! ,-i • r M- M, - r 

C l a s s i f i e r won M on ly s p p ^ i r a t " f h<- w : v t . n<- p i : * . . •• • . • ' v - ' J.'; 

p r e v e n t in trio r i r , - r f r o i v 1 p o w d e r . 
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; o i-> ri s 11 r i a c e 

!--•• - r s r t i r l e g r o u p 

< t r-i' •< i p a r t i c l e ? i n 



t no r an?* 1 ~ l2r:, ••-A 00 me<*h. Th-o e x t r a s ; o n was i * .s i i»i r t • a s shown in 

r : £ . 9 . Next t h e p l a ^ t i r r o i U ^ n t was *--\ :•.*•' * , 0 ' hv w f i g h t and 

an t^xt n ; s i on a t t ^mpr pfi . Apa ;r. t h e o x : r - :s I "̂ r. : a ; : ed ' F i e . 10 • 

Ir s^oru-d a s t h o u g h ! '> ' p a r r . !--s w^> t- •-. t • n T * • - i a d ^ o u n t o 1 v w i t h 

p 1 a s t : and : t was nb ••..• r v-*d ' \\a' u ^ ' ' . i -T . r ;-.«' •-,; ih s T .m • •• bo ear. t 

t ! iv T b r>-"*cn t h e o>: t r •. • . ?i -'; • a riori-T,-;. t . , 1 - -.i-.: -: p.; I v s t v r o n f s.-.-ped 

r h i ^ u p h t h e n i r>b Mi"i-n i a • ' i <" T i v t - y , . .-.m: •<•.:• '. : be .-:<t r u s 1 .in d w> . 

It wa N s u r m i s f r l t b a t ! 1 -M p - n ! i " . - ' s .-::.• • •- •-<••• r . • i : * r a ^ ;-*rr s s i u i 

ov * r • 1 s j -iji rn r r a p * b-' ;*': a ^ * 1 . ns i be \ b> ni x• .>r< w*' • 'r -'.in ^ l h e r v 1 *= e 

'••T-p ' - i t . Tn roTT ' i rm t b. ; s , a: e x ! : ' ; • . v wa<- ' i " o r ' ' " : w i f h 8' 1 "-, 

- ' r '• + + 0 0 m o ^ b p a r : i r I •••- a m ! .'r'~- , - ; . ' < • • *."'"- -••••-} p i : 1 J • '. <• •> ••'.• w p i p h t . 

".~ . 1 ^ • •••!; u s ; o n w a s s 1; r •-. • s s i \ 5 ' w s f h n • r -n; -• . . y • • ; - . 1 - p r. -- •- < 1 r • • n n d s u r f a c e 

' . n 1 - '• HOWPVP r , f in* ' wa •- :v>' r . ' a ; I l b ] . • • -\:-'^>- .ir ; n d*- p t h ana 1 v s i s 

: tb>' c o m p o s i t i o n >t * ' v i ^ - i T u r P i -"i 1 P . '.-.- y i r v : o r ^ : r ^ ^ ' M : i ' ' j x t r u -

- ' . i n v Th r v a r i a t i o n > i • x f r > i -̂  - - p r >••;•- i r • • ' .*;'•! p a r t i '. • • s 1 ,• • • . s 

•b;, * - : p r ho tnogenr 1 : v •>: r r 1 • •- ;' - i a n . o - uv* o,..- i.te:.< th*' : 1 no r p a r t i c i e -

p . a ^ t 1 ' on. x t u r r I i ov- v i : "i i . I a ! : •:• • ; -• : ': r " i r 1 , l tv- t ' x t r i i s i o n i 1 0 . 

i1 11 i ne t h e t" 1 r - " ^r ap< M n r - M ' i r t it was n « " o ^ , i r v t o havr- r ho 

T,I: I t 1 : o t u b e w e l l s p a ' p H . Even i s m a l l loo,k wo ; bl a l l o w a i r f l o w , 

w h i c h r - ' ^ u l t o d in a p a r t i a l o x i d a t i o n o! r ho n; »hitjm r o i 1 b e i n £ s i n t e r e d . 

I t was a l s o r e q u i r e d t o plac*^ t h e p i a ^ t i . — u o b i ' i m r o d r 1 £h t in t h e 

•midd le n ! t h e hnt z o n e . I f t h 1 ^ p r a c t i c e wa s no t l o l l owed , some 01 

t h e v a p o r i z e d p l a s t i c w o u l d d e p o s i t on r h e c o o l e r p a r t s of t h e r o d , 

t h u s f o u l i n g i t . I t was e s s e n t i a l t o h a v e a n i c e , c l e a n r o d ( F i g s . 

12 and 13) f o r t h e h i g h t e m p e r a t t i r e ( f i n a l s t a p e ) s i n t e r i n g as t h e 



Abar furnace was extremely sensitive to contaminants. During the 

final sintering extreme caution was taken in hanging the niobium rods 

in the hot zone. This caution stemmed Iron-, the fact that the rods 

tn be sintered were .: 1/̂ t inches lone. whereas ; ne not zone was only 

slightly longer than 2 1/-4 inches. 

The pint for residua! porosity versus tin> ; s shown in Fig. 14. 

This confirms what was expected. harper part ic.es with greater surface 

area i orm a more porous body than particle' e: • .all or size. The 

pores 1 t v decreases with sintering ! i Tie as : he honking ot particles 

~nuses the pores to shrink. The pore sir as sh wrt in Fig. 15 de­

creases progressively :rora the relatively oarse * ̂  finer particle 

groups . 

Although optimization o; tin' infiltration temperature was not 

made, spveral infiltrations were tried ,-)! s-so^ "iO0°C and 625°C. 

The «amp!es infiltrated at ri 7 V Y and immersed in the tin bath for 

I : ? -linutes showed voids which ha.! not been infiltrated. At fi25°C, 

there was a definite reaction, between the niobium matrix and thin, 

resulting in the formation ot Nb.Sn... which is a brittle i n t errae t a 11 ic 
b i 

••ompound. At f>00°( the tin did not react with the niobium matrix 

at all and all the voids seemed to be tilled after 1 I. ? minutes of 

immersion. Figures 16 and 17 shown the microstrueture of various 

in f i1t rated rods. 

The tensile tests conducted showed: 

1) The relatively coarse particle rods sintered for the same 

length o£ time as finer particle rods, porous or infiltrated, were 

stronger than the respective fin.1; particle rods (Figs. 18, 19, and 

http://ic.es


20). Th i s was presumably due to the lower surface to volume racio 

ri the coarser particles, which implies that less contaminants were 

present in the coarser particie rods result ing in greater strength. 

?) Coarse particle rods were more ductile than the respective 

finer particle rodn (Figs. 21 and 22). This was again due to the 

fart that coarse particle rods had less contaminants au<' to the lower 

surface to volumf ratio. 

3) The tensile strength of ( he infiltrated rods decreased with 

sintering time (Figs. 19 and 20); this was presumably due t" the grain 

growth and migration of contaminants I.I tin- boundaries. 

4) Inf.'. 1 trated rods were stronger than the respective porous 

rods; this was due to filling of the pores which provided the infil­

trated rods with greater strength (Fig. 21). 

5) Infiltrated rods made from fine particles were more ductile 

than the respective porous rods (Fig. 24). The difference decreased 

markedly for rods made from roars-,r part icles. 

6) Elongation of all the infiltrated rods increased with sinter­

ing time (Fig. 22). This would be expected as the oxide layer and 

contaminants are removed duo to sintering, thus rendering the rods 

softer or more ductile. 

The surface of fracture for various porous and tin infiltrated 

rods is shown in Figs. 25, 26 and 27. A comparison between Figs. 25 

and 26, 27 indicates the relatively low ductility of the porous rods. 

In Fig. 25(b) the faint lines depict the bonding mechanism of particles 

due to sintering. Fig. 26 shows fractured surface of tin infiltrated, 

relatively fine | 5-10 y, Fig. 26(a)] and coarse | 20-53 y, Fig. 26(b)], 



niobium rods, the sintering time being five minutes. At this high 

magnification some voids are visible, which normally would not be 

if the usual optical magnification (160x) were used. These voids 

cannot be seen in Fig. 27, where the sintering time is increased to 

15 minutes, implying a more complete infiltration at higher sintering 

times, probably due to the removal if oxide layers and other contaminants. 

The fractured surface of the tin infiltrated specimens seems quite 

ductile, which confirms the quantitative results obtained. 
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IV. CONCLUSIONS 

1. The process is feasible not only for fine particles (-400 

mesh) as reported earlier by Nordin, but also for coarser particles 

(as-received -270 mesh). However, for a successful extrusion of -

270 mesh particles, the coating process has to be conducted with due 

care and caution. 

2. In his report, Nordin ascertained that the residual porosity 

of niobium rods could be affected by controlling the amount of plastic 

added to the powder. Now, as an alternative, the residual porosity 

can be controlled by varying the size nl the powder particles being 

used . 

3. For the formation of A!5 compound, the ideal residual porosity 

of niobium rods is 20-25%. From the pint tor residual porosity versus 

sintering time for different particle size rods (Fig. 14), it is obvious 

that rods prepared from coarser particles will not contain the desired 

porositv. The fine particle rods would give the required porosity 

for 6.5 to 9.5 minutes of sintering time, whereas the medium particle 

rods seem to be most versatile, in that the desired porosity can be 

obtained for 9.5 to 20 minutes of sintering time. Two measures can 

be taken to effectively reduce the porosity of the rods prepared froiii 

coarser particles to a desirable level, as these rods exhibit the 

best ductility, a property of great significance for wire drawing: 

a) By increasing the sintering time (increasing the 

sintering temperature would be another alternative, but is not feasible 

due to the limited power of the furnace). 
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b) By blending a fraction of fine particle size range 

with the relatively coarse particles. 

These two measures mentioned above are quite involved and a detailed 

study was not within the scope of the investigation. 

4. The optimum infiltration temperature obtained was 600 C. 

At this temperature, the pores were completely filled, with no observable 

reaction between the niobiim matrix and tin. The infiltration time 

allowed at 600 C was 1 1/2 minutes. 

5. As can be seen from the plots for tensile strength and 

ductility versus sintering time, the tensile strength decreases whereas 

the ductility increases with sintering time. From experience, it 

has been determined that in wire drawing the ductility plays a more 

important role than tensile strength. It is, therefore, desirable 

to have rods with the highest posnible ductility (7.1% for fine particle 

rods after 7.5 minutes f sintering and 9.2% for medium particle rods 

after 20 minutes of sintering). 

6. The extrusion failure of -325 +400 mesh particles indicates 

that a certain fraction of fine particles along with a coarser fraction 

is necessary for a successful extrusion. It might be of interest 

to optimize the fraction of fine particles of a certain particle range 

that would be required for successful extrusions. 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of the infiltrated rod fabricating process. 

Fig. 2. Photograph of different particle size groups used in the 

investigation 

a) 5 - 1 0 u (-1250 + 2500 mesh) 

b) 10 - 20 V (-625 + 1250 mesh) 

c) 20 - 53 u (-270 + 625 mesh) 

Fig. 3. Photograph of the extrusion apparatus. From left to right: 

heater, plunger with thermocouple well drilled in the renter; 

extrusion cylinder; extrusion die; base plug with a central 

hole. 

Fig. h. Photograph of a typical as-extruded niobium-plastic rod. 

Fig. 5. Schematic diagram of the muliite tube furnace used for the 

removal of polystyrene and first stage sintering. 

Fig. 6. Photograph showing a contrast between an as-extruded Nb-plastic 

rod and Nb rod after first stage sintering (5 - lOp particle 

range). 

Fig. 7. Photograph showing a contrast between an as-extruded Nb-plastic 

rod and Nb rod after first stage sintering (20 - 53p particle 

range). 
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Fig. 8. Schematic diagram of Abar furnace: 

1) extension tube; 2) tantalum rod; 3) back filling port; 

4) electrical leads; 5) heating element; 6) niobium specimen; 

7) radiation shields; 8) water-cooled walls; 9) W-5% 

Re vs. W-26% Re thermocouple junction; 10) vacuum connec­

tion, >u 4UdLLi LLU.V-, .L) giapIHHJ C L U^ . j. ̂  / liquid 

tin and 14) resistance heater. 

Fig. 9. Photograph of an extrusion failure with particle size group 

-325 +400 mesh and 8% polystyrene by weight. 

Fig. 10. Photograph of another extrusion failure with particle size 

group -325 +400 mesh and 10% polystyrene by weight. 

Fig. 11. Plot for extrusion pressure vs. particle size group. 

Fig. 12. Photograph ->f Nb-rod after first stage sintering (5 - 10u 

particle range). 

Fig. 13. Photograph of Nb rod after first stage sintering (20 - 53U 

particle range). 

Fig. 14. Plot for residual porosity vs. sintering time. 

Fig, 15. Micrographs of Nb rods infiltrated with epoxy after 15 minutes 

of high temperature (2250 C) sintering. Dark areas are epoxy 

resin while light areas are Nb. 

a) 5 - 10 p particle range 

b) 10 - 20 u particle range 

c) 20 - 53 y particle range 

Fig. 16. Micrographs of tin infiltrated Nb 5 - iOu range rods, 

sintered for 15 minutes at 2250 C. 
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a) Tin infiltration done at 600°C for 1 !/2 minutes 

with the Nb rod pre-heated to 600°C ^'inreacted ) . 

b) Tin infiltration done at 625°C for 1 1/2 minutes 

with the Nb rod pre-heated to 625°C ''reacted, with 

Nb^Sn, formation). 6 3 

Fig. 17. Micrographs of tin infiltrated Nb rod, sintered for 15 minutes 

at 2250°C. Tin infiltration done at iiOO°C for 1 1/2 minutes 

with the Nb rod preheated to o00°C. 

a) 10 - 20'M particle range rod (unreacted). 

b) 20 - 53 y particle range rod ' nnrcir ted ) . 

Fig. 18. Plot for yield and ultimate strength vs. Miii-i-' s j ?..> for 

porous Nb rods. 

Fig. 19. Plot for yield strength vs. sintering tine for as-infi1trated 

Nb rods . 

Fig. 20. Plot for ultimate strength vs. sintering time for as-:nfiItrated 

Nb rods . 

Fig. 21. Plot for per cent elongation and per cent redaction in area 

vs. particle size for porous Nb rod':. 

Fig. 22. Plot for per cent elongation vs. sip.; ring time for as-

infiltrated Nb rods. 

Fig. 23. Comparison of yield and ultimate strength of respective 

porous and as-infiltrated Nb rods. 

Fig. 24. Comparison of elongation of respective porous and as-infiltrated 

Nb rods . 
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Fig. 25. SEM micrograph of fractured surface of porous Nb rods sintered 

at 2250°C for 15 minutes. 

a) 5 - 10^ particle range specimen 

b) 10 - 2 0 M particle range specimen 

c) 20 - 53^. particle range specimen 

Fig. 26. SEM micrograph of fractured surfa-••> of as-infiltrated Nb 

rods . 

a) 5 - 10 . particle range, sintered for 5 minutes at 

2250°C before infiltration at 600°C. 

b) 20 - 53 .. particle range, sintered for 5 minutes 

at 2250°C before infiltration at 600°C. 

Fig. 27. SEM micrograph of fractured surface of as-infiltrated Nb 

rods . 

a) 5 - 1 0 particle range, wintered for 15 minutes 

at 2250°C before infiltration at 600°C. 

b) 10 - 20 partirle range, sintered for 15 minutes 

at 2 2 50°C before infiltration at 600°C. 
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