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IN THE Nb-AJ-Ce SYSTEM 
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Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Deportment of Mechanical Engineering, University of California 

Berkeley, California 94720 

ABSTRACT 

A study has been made of the time and temperature dependence of 

the growth of the A-15 phase and its grains in the Nb-Al-Ge system. In 

addition, changes in the 11icro.5truc.ture and composition of the A-15 

phase have been studied using an EDAX analysis. The data obtained 

have been plotted and compared with theory. The results have been used 

to explain the variations in the superconducting properties of this 

system as observed in earlier work. Consequently, areas for further 

study towards optimizing the superconducting parameters of this system 

have been proposed. 

http://11icro.5truc.ture
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I. INTRODUCTION AND HISTORICAL BACKGROUND 

There is always a reason behind whatever one doi.-s, and that: Is why, 

despite the excellent texts and articles in the literature on the app]i-
1 2 

cations of superconductors, * it ia considered relevant in this Intro
duction to present a '. rief review of the potential uses of superconduc
tors. 

The A-15 phase of the Nb-Al-Ge system is a well known material 

with good superconducting properties. However, much work remains to be 

done to make possible the use of this compound in practical supercon

ductors. Superconductivity has not as yet made a significant impact 

on society, but It appears that the time is not too far off. Among the 

most important probable applications will be AC and DC motors and gen

erators, energy transmission (AC and DC cables), high speed ground tran

sportation (magnetically levitated trains), energy storage, and energy 

production. The principle behind the high speed transportation is one 

of generating a repulBive force between moving superconducting train 

magnets and ordinary metal tracks to suspend the train, This way very 

high speeds can be attained that would not be possible using convention

al wheeled trains. The use of superconductors in AC and DC cables will 

enable power to be transmitted without losses. Though most of these 

applications are now in the developmental stages, some art projected to 

be in commercial use by the 1980's. 

Prior to 1967, interest in superconductors had been limited to bi

nary compounds- During this period the highest critical temperature, 

T c , obtained was that for Nb^Sn: 18°K. Since the discovery by Matthias, 

et al. 3 in 1967 of a ternary Nb-Al-Ge compound with a T c of 20.05°K, 
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other superconductors with higher or nearly as high Tc's have been re

ported (namely, Nb3Ge: 23.2°K; Nb3Ga' 20.Vk; Nb3Al: 18.9CK, and Nb5-

(Al, Ga ): 19.0°K).^~^ The value (or the Nb-Al-Ce system hati been stead

ily increased since the; initial announcement, the highest so far being 

21°K reported by J. Ruzicka.^ Of these superconductors with high cri

tical temperatures, m e Nb-Al-Ge systeti. has the highest known upper t:ri-

tical field of 410 kG at 4,2 eK f
1 1 and this explains the attention thnt 

it has received In recent years. 

The superconducting phase of the sy-te:a has the A-15 structure, a 

unit cell of which is shown in Fig, 1 with the niobium atoms forming 

orthogonal chains on the faces of a body-centered eu'-ic structure at the 
:4 0%, hikO, OHk, Hoh, hHo, O'sH positions while the aluminum and 

germanium atoms are statistically dispersed at the corners and center 

of the cube. 

The development of a commercially viable process to fabricate the 

Nb-Al-Ge superconductor, like all other superconductors with the A-15 

structure, presents formidable problems, the reason, as usual, being due 

to the brittleness of the A-15 phase:. The bronze process, which has 

been used in producing Nb^Sn commercially, does not work for this sys

tem as a result of the a-phase which forms in the early stages of the 

reaction and prevents the formation of the A-15 phase* Attempts have 

been made to use the Kunzler technique to fabricate it, whereby pow

ders of Nb, Al, and Ge are mixed in the right proportions, sealed in a 

cuprnnickel tube, and then cold worked by swaging and rolling, after 

which the outer cupronickel sheath is removed by etching in nitric acid. 

The tape is then reacted to form the A-15 phase. This is not a parti-
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cularly good method in that quite apart from thi' fact that the Lape so 

produced is not very flexible, there is little control of the micro-

structure. Other methods have been tried for producing single fila

ment wires. ^'-^ 

At the Lawrence Berkeley Lahoiaturv n more promising method of pre

paring Nb-Al-Genni11 1 H laiiH'iitary yupe"conduc lors , the infiltration tech

nique, is presently in use. In this process, a compacted and sintered 

Nb rod }.o infiltrated with an Al-Ge alloy of eutuctic composition (see 

Section IIIB), The infiltrated rod is then clad with tantalum and 

monel tubing and deformed by form and :"lat rolling. The deformed rods 

are then reacted to form the superconducting A-15 phase. Tapes with 

thickness of 0.04 - 0.015 cm and multifilameutary wires of 0.025 cm dia

meter have been produced by this process. 
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II. OBJECTIVES 

Recent work done at the Materials and Molecular Research Division 

of the Lawrence Berkeley Laboratory on multifilamentary wir*>a and tapes 

of the Nb-Al-Ge superconducting system prepared by the Infiltration me

thod has shown that the critical temperature, T , inrreasus aa the reac

tion temperature is increased. Unfortunately though, Liu- L1M. sroup 

also found that the critical current density, J c, uecreases In that or

der, that is, it increases as the temperature is lowered. Furthermore* 

the voluu • fraction of the superconducting A-15 phase formed at the lo

wer temperatures is much smaller than that formed at the higher temper

atures as can be seen from Fig. 2 which shows optical micrographs of 

samples reacted at 1500°C, 1700"C and 1840°C for 1 and 5 minutes. Con

sequently, despite the increased critical current density, the overall 

current-carrying capacity of the superconductor is reduced at the lower 

temperatures. The reduction in critical current density at the higher 

temperatures was thought to be due to the lack of pinning centers for 

the current at those temperatures. When a superconductor is subjected 

to a magnetic field greater than the lower critical field (H c ) , the 

field partially enters the superconductor as flux lines which then ex

perience a Lorentz force F L given by: 

F L = J x B 

where J is the current density and B is the flux density. The force F L 

is per unit volume of superconductor. When the force causes the flux 

lines to move, they induce an electric field E given by: 

E = V x B 
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where V is the velocity of the flux lines. The electric field in turn 

causes an Induced resistance and event nal]y the superconductor goes nor

mal when the fluxons fully penetrnte the conductor, nt the upper criti

cal magnetic field, llc . 

'Hie critical current 1H (In- current that causes the flux lines to 

fully penetrate the conductor at ;i given timgnetJi' field. 'Hius it can be 

seun that if there is nothing pinning the flux lines In position, the 

superconductor could go normal nt .1 relatively low • ie oi current den

sity. On the other hand, by pinning thf fluxoids, JF the flux lines are 

called, high current densities cnn be sustained since the pinning force 

then balances the Lorencz force which tends to move them. 

Thus it was found necessary to further understand the behavior 

of the s'Jp^cconducting phase of the Nb-Al-Ge system at those high tem

peratures with a view to subsequently finding a means Lo improve the 

overall superconducting parameters of the system. This project was then 

undertaken to study how the A - 1 J phase increases in thickness and how 

its grain size varies with time and temperature. This would facilitate 

a determination whether to use grain boundaries as pinning sites or if 

it would be necessary to find some other means of pinning the flux 

lines. In addition, the phase thickness studies will give an idea as 

to how long a time or how high a temperature is necessary for a reason

able current-carrying capacity, given a particular value of J . The 

system under consideration was found to have four phases at the times 

and temperatures studied by Pickus, et al.*-" What influence the reac

tion times and temperatures would have on the interactions of these 

phases was another area that was considered necessary to study. 
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In summary, the objectives of this work art* to study: 

1. Gr^in growth in the A-15 phase. 

2. The growth of the A-15 phase itself. 

3. The influence of r art ion t line, ami temperature on the growth 

of the other phases. 
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I I I . KXl'r.KlMKMAI. ^HiUfl'S 

•\. NeU" t i'i[. ul '".^M-II.M 'i 

The Nb-A]-( .e !.ii|p ('i i i-iiiliii t »'i *. .in Lf iM'iniiii i-fl i'v ; . . ' . ' f i a i i',r ! bn J s , 

•it urn1 of wh li li h a v e a ] ic ; idy been d i " n'.i.i-i! and r e tt-i < -nr t ••. Nave b e t n >.'. i vi-n 

In ,i U'W MtlilTS ( s e e S e i l J o i l I J. 'In-.f ,.• ( h«- ., i-M-IIti «].'. c o u l d II.IVI- iMM-p 

uned In tin- p r e s e n t m m t v , ili".,>-,li w i t h • ,n ;• i m: i't-r.t *•>••• i>l 11 i I 11 u1,1 v . 

Due It/ l i s s l m p l l ^ l t v , 111.' u i l i t t i a l i i M i I <*< tea i 'M" W.I.-. IMIIIMI l u be lin 

most a p p r o p r l a l e method lu i t 'n- s t mi <,•. ,'• V.JI i .d K-n m i \, 1 <, im-t lnu! wli U l . 

l o o k s even s i m p l e r on t i n s u r t a x i *• ( !•< ' >>.( i i r.,\ mi t h').l »1u i> a ' . o l i d 

n i o b i u m rod would be d i p p e d i n t o m c ] t e n A l - ' - e e n i e i ' i i i l o r a r e a s o n a b l e 

t i m e , p u l l e d o u i , and a ha.-'in I o remove c x c i . s s iMiLoct if ad!u- r i n ^ t o t i n 

r o d . Samples of t h e c o a l e d rod r o u l d t h e n be • at and r e a c t e d l o r exam

i n a t i o n . D e s p i t e Lie; a p p a r e n t e a s e t>$ o p e r a t i o n , such a method would 

r e q u i r e s e v e r a l r e a c t i o n s a t a g i v e n t e m p e r a t u r e and t imu in o r d e r t o 

g i v e a b t a l i s ' . - i r a 1 rctean i nfi t o t lie UHM. a i r e d parnmet i - r s , 

With t h e i n f l i t r a t i o n t e c h n i q u e . due t o t h e p o r o u s n a t u r e ot t h e 

d i p p i n g r o d , <i g i v e n s a m p l e a f f o r d s t h e o p p o r t u n i t y o i s t u d y i n g s e v e r a l 

r e a c t i n g r e g i o n s r andomly d i s p e r s e d in t h e s a m p l e a s c a n he s e e n from 

F i g . 2 , e n a b l i n g c o m p a r i s o n s t o be made e v e n w i t h i n a p a r t i c u l a r s a m p l e . 

Thus fewer s a m p l e s n e e d b e o b t a i n e d f o r t h e same re^v l i n g c o n d i t i o n s , 

r e d u c i n g t h e r e q u i r e d t i m e and e f f o r t . 

B. P r o c e d u r e 

Porous niobium rods about 2 1/? Inches in length and 1/8 inch in 

diameter were prepared as outlined by K. Hemachrtlam and M. R. Piekus by 

isostatically pressing niobium powder (-270+400 mesh) of 99.9? purity 

at a pressure of 30,000 psi* This pressure has been found to give aae-
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quate porosity and green strength for subsequent infiltration. Each 

rod was then attached to a tantalum rod using an 0.01 inch tantalum wire 

and then suspended in the center of the henting element (made of tung

sten wire) of an Abar furnace. Fig. 3 shows a cross-section of the set

up, including the Abar furnace. The rod was then sintered at a temper

ature of 2200°C for 15 minutes under a vacuum of leas than 10"5mm Hy. 

The aluminum-germanium eutectic was prepared by arc-melting an al

uminum (99.999% pure) and germanium (99.999% pure) mixture of the eclec

tic composition (ie. 53 parts by weight Ge, to 17 parts by weight Al) un

der an argon atmosphere in a copper-chill mold. The buttons so prepared 

were cooled, overturned and remelted to ensure proper mixing of the com

ponents. They were then cleaned by polishing off the outer layers and 

melted together in a quartz tube in the Abar furnace under a helium at

mosphere. This was repeated several times with the eutectic being 

placed upside down each time to ensure that all lighter and heavier im

purities had been cleaned off. Fig. 4 shows a photomicrograph of the 

eutectic microstructure and the two components are seen to be in the 

right proportions, indicating that the 53:47 weight ratio is the appro

priate one for the eutectic composition. 

Before the Nb rod was sintered, however, the cleaned eutectic was 

placed below the Abar furnace in the arrangement shown in Fig. 3. A 

graphite crucible was used for quick and uniform transfer of heat from 

the heating element to the eutectic. 

As the sintered rod was allowed to cool, the eutectic was heated 

to 600°C (its melting temperature is 424°C). With the eutectic melted 

and at 600°C and the rod also at about 600°C, the latter was lowered 
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tlll it was completely immersed in the molten tutectic. The two were 

kept at about the same temperature to prevent freezing of the eutectic 

in the outer pores of the rod and preventing further infiltration. The 

furnace was then back-filled with helium to a pressure juat bilow atmos

pheric. This creates a pressure gradienl between the surface of the 

eutectic and the pores in the rod, forcing the eutectic to enter and 

completely fill the pores. The rod was kept immarstfd In the melt for 

5 minutes to ensure adequate infiltration before being pullerf up and 

allowed to cool to room temperature. A cross-section of an infiltrated 

specimen is shown in Fig. 5. Each infiltrated rod was then cut into 

pieces of about 3/16" length, the ends ground to clean off any foreign 

material that might have been transferred from the cutting saw, and 

reacted. 

In reacting, each specimen was suspended from a tantalum rod as 

described above, but this time the specimen was shielded from the heat

ing element while the fu* naee was heated to the required temperature. 

Before heating, the furnace was evacuated ' * pressure less than 10"-* 

ram Hg and afterwards back-filled with helium to prevent excessive eva

poration of aluminum during reaction at the high temperature Under 

steady state conditions, th^ sample was lowered to the heating zone for 

the required time and then raised back and again shielded from the heat 

while it cooled. 

C. Sample Analysis 

Reacted samples were mounted in Kold Mount resin, ground and sub

sequently polished on a series of Buehler grinders, proceeding from the 

coarsest to the finest. Final polishing was done on a rotating wheel 
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containing 0.05 micron Gamma Alumina dispersed in distilled water. Et

ching was done using a solution of sulphuric acid, hydrofluoric acid, 

and watsr, mixed in equal proportions and to which a few drops of hydro

gen pero.;ide had been added. 

Etching was found to be one of the crucial stages involved In the 

analysis. For measurement of the A-15 phase thickness, short etching 

times were found to be necessary since deep (or longer time) etching 

caused the A-2 solid solution phase (see Section 4) to cast a shadow 

on the A-15 phase thickness when examined metallographically. In re

gard to this aspect of the analysis, samples reacted for shorter times 

at lower temperatures had to be etched much faster than those reacted 

at higher temperatures for longer times. On the other hand, much longer 

etching times were found to be necessary to reveal the grain boundaries 

clearly. The foregoing is just meant to serve as a guideline for etrh-

tng specimens and no specific times can be outlined here since much de

pends on the specimen being etched, the etch being used, and how good a 

polishing has been done. How successfully one does it will depend on 

experience. 

To facilitate phase identification, etched samples r*ere anodized 

in a Pickleshimer solution (240 ml ethyl alcohol, 140 ml water, 20 ml 

phosphoric acid, 40 ml lactic acid, 80 gm citric acid, and 80 ml glyc

erine ) at 27 volts for 6 minutes. Under these conditions the various 

phases were identified by the following colors: 

Nb solid solution ( A - 2 phase) - light gray 

A-15 phase - light blue 
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Al-rich (a) phase - blue 

Ge-rich phase - deep blue 

Phase identification is covered in more detail in Section h . 

Having anodized a sample, photomicrographs were then taken at sev

eral potiltionB over the cross-sertion. Measurements of the A-15 phase 

thickness were done using vernier calipers accurate to 0.05 mm. Read

ings were taken directly from photomicrographs taken at lOOOx. Several 

readings were taken for a given condition of time and temperature and 

then averaged. 

There are several methods for measuring grain siz.es and each de

pends on the materials under consideration and its chTracteristic fea

tures. Among those used for nonferrous metals and alloys are; the 

ASTM Comparative Method; 1 8 Jefferies Planiraetric Method; 1 9 t?nd the 

Linear Intercept Method. ° 

With the ASTM method, a photomicrograph of the specimen at lOOx 

magnification is compared with standard ASTM charts and from the number 

(N) of the ASTM chare that closely matches the photomicrograph under 

study, tne mean planar grain area (a) of the specimen is calculated as 

follows: 

a(100x) = 2 N _ 1 in 2 

This is a simple and quick method for measuring grain size but has the 

danger of being subject to bias. 

The Jefferies Planimetric method is applicable only to materials 

containing equiaxed grains and in this method, a 79.8 mm diameter cir

cle (area » 5000 mm ) is drawn on the rough side of the focusing screen 

http://siz.es
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so that the center of the circle and that of the rectangular focusing 

screen almost coincide and the specimen is focused at a standard magni

fication. The grains intersected by the circumference of the circle are 

counted as well as those that are completely enclosed by the circle. 

From these measurements the average grain size can be calculated using 

a standard magnification factor. " This is on accurate method, but not 

as simple as the previous one. 

The third method, the Linear Intercept method, is quite commonly 

used. It can be used for non-equiaxed grains, is simple, accurate and 

free from bias. In this case> random lines with a total length of approx

imately 1000 times the larger grain sizes are drawn on a photomicro

graph of the specimen. The mean grain diameter (d) is obtained by di

viding the total length of the lines by the product of the number of 

grain boundaries crossing the lines and the magnification of the photo

micrograph. In other wurd&: 

. _ Total length of lines 
No. of grain boundaries x magnification 

For other modifications of this method, see Ref. 18. 

On close study of the above methods and the specimen under study it 

was realized that none of them would be suitable for the system being 

analyzed. As can be seen from Fig, 2 at low temperatures and short re

action times, say 1500°C for 5 minutes, the microstructure of the spec

imen was such that a fair comparison could not be made between the A-

15 grains (the phase forms small circular bands at several portions of 

the photomicrograph) and the ASTM charts (which completely fill the mi

crographs) . Also an adequate number of lines could not be clearly drawn 
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on the A-15 phase for these specimens to enable the linear Intercept 

method to be used. Even though it would have been possible to use either 

of these methods for some of the high temperature - longCL time reac

tions, it was decided that a new method of annlysis had to be used tliat 

would be applicable to both types of samples. 

The approach adopted in this analyst, even though not a standard 

method, still gives a measure of the grain size variation with time and 

temperature, which is the objective of this study. Each grain size was 

measured in two directions normal to each other with vernier calipers 

and the readings averaged to give the size of that particular grain. 

Several grains were measured from each sample as well as other samples 

at the same time and temperature conditions and averaged. The phase 

thickness and grain size average values obtained are listed in Table II. 

The temperature range investigated was selected on the basis of a 

pi-«vious investigation vhi~h li<tO olwwTi that ^ritiuai temperatures ob

tained for reaction temperatures below 1300°C were not significant com

pared to those for higher temperatures,*" and that they actually increase 

with increasing temperature. 1840°C was the highest temperature selected 

for investigation since the highest temperature to which the system can 

be subjected without partial melting is 1870°C, the 30°C difference be

ing used to allow for possible temperature fluctuation. 

Phase identification was done on etched but unanodized specimen 

using a scanning electron microscope equipped with an EDAX (Energy 

Dispersive Analysis of X-rays). 
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IV. RESULTS AND DISCUSSION 

A- Growth of the A-15 Phase 

The growth of the superconducting A-15 phase is shown in Fig. 6a 

where the phase thickness is plotted against the reaction time, "he 

graphs show a rapid increase in the A-15 phase thickness during the 

early stages of a reaction, the rate reducing substantially at long re

action times, even though the phase continues to grow. This growth rate 

is seen to be more rapid at higher reaction temperatures - a result of 

the higher thermal energy available for diffusion of atoms of the com

ponent elements at those temperatures. The growth rates observed could 

be explained by the fact that the A-3 5 phase is sandwiched between phases 

rich in Nb on one side and rich in Al and Ge on the other side, so that 

as growth proceeds, the diffusion path increases and the rate of growth 

therefore decreases. The graphs also show thet for a given time, a 

greater phase thickness is obtained for the higher temperatures. In 

other words, to obtain a specific volume fraction or thickness, longer 

reacting times will be required for the lower temperar.ures and at 1300°C 

or below, the tltae may be unusually long. 

The growth process Involved here is a rather complex one since it 

comprises different processes at various stages of a reaction. At short 

times or lower temperatures when the A-15 phase is sandwiched between the 

A-2 phase (Niobium solid solution) and the sigma (a), Al-rich phase, 

(Section IVC), the growth process may involve a phase decomposition on 

the cr-phase side and interfacial reaction on the solid solution side. 

The transformation process is one of reconstructive growth involving the 

breaking of the bonds of the o"-phase and its rearrangement to form the 
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A-15 phase. Following the bond-breaking stage, the atoms involved then 

move across the boundary separating the two phases to form the A-15 

phase. This is the interfacial reaction. Processes involving interfa-

cial reactions at one stage or another are often interpreted by diffusion 

data alone due to the high reaction rates and the basic diffusion mech

anisms involved. However since this is a ternary system, simplification 

of the data in Fig. 6a by analyzing on a purely diffusion basis using 

Fick's Laws would still require a very complex treatment demanding thp 

use of four diffusion coefficients all of which vary with composition. 

To simplify the analytical process furthei, therefore, the data 

was replotted on a log-log graph as shown in Fig. 6b. The data points 

were found to be on straight lines for the time range studied indicating 

a growth law ot the form: 

d - a t n Where d = A-15 phase thickness 

a = rate constant 

t = reaction time 

n = reaction (growth) index 

The points were fitted with straight lines using the linear least 

squares analysis with a degree of fit of the order of + 0.96 (Table III) 

which shows a good straight line relationship between the points. The 

growth indices obtained from the slopes of the lines vary between 0.34 

and 0.44. This indicates a growth rate less than that predicted by the 

simplified form of Fick's second law which gives a growth index of 0.5. 

This reduction in growth rate muse be due to the involvement of other 

processes as discussed above. 
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B- Grain Growth 

There. Is a considerable amount of literature on the kinetics of 

grain growth in metals. However most of the work done and consequently 

the theories proposed up to date have been limited to pure metals, dilute 

alloys, and the effect of solute lntei action on gtnin boundnry mohllity.^( 

The conclusions drawn from the growth data obtained for this system which 

is ternary and not dilute may be substantially different from thoye drnwn 

from the existing theories. 

A plot of measured grain Bizes against reaction times for the var

ious temperatures, isothermal grain growth curves, are shown In Fig. 7a. 

Unlike the phase growth considered In the previous section In which the 

A-15 phase shows a tendency for continuous growth, the graphs here show 

growth processes that tend tc level off at long reacting times. This 

indicates a tendency towards aero growth rate at long reacting times 

and could be due to a change in the grain boundary structure from one 

that is highly mobile in the early stages of a reaction to a virtually 

stagnant one. In addition, the critical grain size (ie. value of grain 

size at which the curves level nff) is found to depend on the reacting 

temperature, increasing as the temperature ici increased. This and the 

fact that the growth rate in the early stages is much higher for the 

higher temperatures (steeper curves) can be explained on the basis of 

the process being a thermally activated one so that there is more ther

mal energy available at those temperatures, enabling the atoms to move 

with much greater velocities* It also explains why at lower tempera

tures, longer reacting times are required to attain the critical grain 

size. Thus It one wants to obtain a given grain size for a specimen, 
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it has to be reacted for longar times at lower temperatures than at high

er temperatures, and if the required grain size happens to be greater 

than the critical size at the temperature in question, then it will not 

be obtained at all. 

Another interesting phenomenon that can be observed from the 

graphs is the change in grain sisse from 1500°C to 1700°C, a 200°C tem

perature difference, and that from 1700°C to 1840°C, a difference of 

140°C. The change is found to be much greater for the latter than the 

former, an effect which is more clearly seen from the isochronal curves 

in Fig. 7b. This is due to an abnormal grain growth, manifesting itself 

in a steep rise in the isochronal curves at about 1720°C to 1/40°C. The 

temperature at which it starts is slightly nigher for the shorter reac

tion rime (5 min.) than for the longer time (15 min.)-

On replotting the data in Fig. 7a on a log-log plot, the points 

were found to be on straight lines for the time range studied, Fig. 7c. 

This depicts a power growth law of the form: 

G = Kt n Where G = Average Grain Size 

K = Rate Constant 

t a reaction time 

n * growth law index 

The straight lines were fitted to the points using the linear 

least squares analysis with a degree of fit of the order of + 0.97, 

Table III. The growth law indices lie between 0.33 and 0.4b, increasing 

with increasing temperature and this clarifies the earlier assertion 

that the growth rate increases with increasing temperature. 
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Xn an earlier work on .jrain growth, Simpson,et al. concluded 

that a growth law i;idex of n - 0.5 is typical of high purity metals as 

well as dilute alloyB* However the results of the present studies have 

shown that this does not necessarily apply to alloys with the component 

elements in substantial concentrations. In this case, grain boundary 

motion may involve more complex phenomena than ordinary solutc-boundnry 

interaction and values of n less than 0.5 which vary with the Kytitem 

under consideration and the reaction conditions are possible. 

C. Phase Changes 

Four different phases are known to exist in the No-Al-Ge system 

at the temperatures investigated, viz. 

1. Ge - rich phase Nb 5 (Ge, Al) 3 

2. Al - rich phase Nb 2 (Al, Ge) 

3. A - 1 5 phase Nb 3 (Al, Ge) 

4. A - 2 phase (Nb solid solution) 

All four phases generally exist in the early stages of a reaction irre

spective of the temperature and are disposed as shown in Fig. 8a, which 

is a scanning electron micrograph of a specimen reacted at 1700°C for 5 

seconds. The Ge-rich phase forms the innermost layer, surrounded imme

diately by the Al-rich sigma phase, then the superconducting A-15 phase. 

All three phases are embedded in the niobium solid solution. 

As the reaction proceeds at a given temperature, the Al-rich phase 

gradually transforms to the A-15 phase and, as Fig. 8b shows, only three 

phases, the Ge-rich, A-15, and the A-2 phases are left after reacting at 

1700°C for 1 minute. At still longer reaction times the Ge-rich phase 

is also transformed leaving only the A-15 phase in a matrix of niobium 
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solid solution. The idea of a matrix phase becomes questionable after 

these times because it was found that on reacting at 1840°c;for IS min

utes, the A-15 phase occupies a grea, ?r volume of the specimen tnan does 

the niobium solid solution, lite two phase system Is shown in Fi -,. 8c. 

Since tin- t runsforma I ion process depends on several varlables , the 

I Ime requ I red I'm* t lie d I sap pea ranee ol each nf" t hefu- I wo plinses Is nor 

specific and for a given temperature may cover n time range. However 

these time ranges are general 1y smaller fnr t he hi gher t empera fires Lhan 

for the lower ones. In addition the t rans format ion;* start much sooner 

at the higher temperatures. For example, no o-phase was C^und in a 

specimen reacted at 1700°C for 5 minutes and no He-rich phase at all 

after reacting at 1700r'C for 30 minutes, bat all four phases continue to 

exist after an hour's reaction at 1300°C. Included in Fig. a are the 

EDAX analyses of the various compositions. These qualitative determin

ations show slight deviations from stoichiometry. This deviation, in 

the case of the superconducting phase, could explain why the critical 

temperatures obtained by Pickus et al, were not as good as some of the 

reported values. The A-15 compositions given in Table IV shows a trend 

towards stoichiometric composition as the reaction temperature is in

creased for a given time. 
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V. CONCLUSIONS AND RECOMMENDATIONS FOR KUKTilrK WORK 

A study of the Nb-Al-Ce system has shown t.hi1 exist t-nri' of I'nur 

phases at the beginning of a reaction, the Innermost two lavt'i's, tin- Ce-

rich and Al-rieh phases, transforming gradua I I y t e ihr A-• *> phase .r; 'he 

reaction proceeds. Also for a given reasonnh I e length el I inn*, even 

though all four phases may exist when a spiM-imen Is rearini at 1 llin'Y 

for this time, only three may remain at a higher tcmpi-r/ii un-, ami at an 

even higher temperature, only the superronduci lay, phase ami I lie niohinm 

solid solutions might by left. This, coupli-nl with tin- Tail thit thf 

critical temperature has been found Lo Increase with ar Increase In 

reaction temperature, " suggests that the presence of either one or both 

the Ge-rich and Al-rich phases serves to deteriorate the critical tem

perature at the lower reaction temperatures. However If this were the 

case then one would have expected an Increase in the critical temper

ature with an increase in the reaction time since tluse two phases get 

transformed with time. The contrary was found to ha the case by Pickus, 

et al. who observed higher T 's for shorter reaction times. Thus the 

question of high T must be basically one of how close the composition 

of the A-15 phase In the sample is to stoichiometry and this is con

firmed by the data on phase identification (Section IVC) which shows 

that specimens reacted for short times have compositions closer to stoi

chiometry than those reacted for longer times. In other words high re

action temperatures and short reaction times would be the ideal con

ditions for the best T values in the presence of excess niobium. 

It was observed that the A-15 phase thickness increases with time, 

for a given reaction temperature. This means an increase in the current 
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c a r r y i n g c a p a c i t y , a s s u m i n g a c o n s t a n t cr'.i i c a l c m *" •:' n t . In a d d i t i o n , 

t he a v e r a g e g r a i n s i z e was found t o i i u i v a s e w i t h Mint' and t empera 1 ur <•, 

t he i han/ .e becoming d r a s t IC above 1 700 " r .,•* ,'i f e su 1 I of of ;:h norma 1 

K r a l n g r o w t h . T h i c a g a i n c o n f i r m s tin* o b s c r v a i I r.ns of I ' l r k u s , et a l . on 

• | U ' 10V V . I r - • ' ' ' ' • ' " . • • ' ' • - : ' • . ' • • u v . • • M M I 

since the Mux linen Llirit lack pinning cnl'm .'. a1- a irsnM of flu- . uarsi-

gn.ins. 

UbscrvaL ions made 1 I u.n t hi' present s ludy and [ 11o.s<• ol ot hers under -

score conflicts in the conditions required for optimizing the supercon

ducting prcpert 1 es of Lhe Nb-Al-l-e system. I u summary , better 'I . values 

are obtained for short Limes and high temporal ui. es; better d c values for 

Low temperatures and short times (assumed to be due to si.ial ler grains) 

and greater current-carrying capacities for long times. Thus the poten

tial of this system ran be fully realized only by compromising on both 

the reaction rime anr̂  temperature. However, If a means could be found 

for pinning the flux lines at high temperatures, then there would not 

bu much to wo rry about since substantial current-carrying capacities 

could then be obtained after short reaction times at high temperatures, 

in addition to the better T c's. 

This work raires a few questions on this system, the most important 

ameng them being: 

1. How can the flux lines be pinned or how can the grain growth 

be impeded? 

2. What is the best reaction time and temperature for optimum T c 

and current-carrying capacity? 
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3. How do superconducting properties correlate with the A-15 

phase composition? 

These are areas that could be further studied to hring out the full 

potential of the Nb-Al-Ge superconducting system. 
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Table I Materials used. 

Source furUy Form 

Nb Wah Chang Albany Corporation 99.9 Powder (-270 + 400 meBh) 

Al United Mineral and Chemical 99.999 Rod 

G<? Orion Chemical Co. 99.999 Random Pieces 

Table II Readings (Overall average values) 

Phase Thickness (microns) Grain Size (microns) 
Time (sec) 1300°C 1500°C 1700°C 1840°C 1500°C 1700°C 1840°C 

10 

20 

60 

180 

300 

600 

900 

1200 

1800 

3bo0 

7200 

1.90 

3.73 

4.68 

3.02 5.16 

5.95 

4.27 6.35 

5.20 

7.68 

1.62 

1.9? 

2.63 

5.38 

6.79 

1.87 

2.51 

3.59 

8.35 

3.10 7.45 

5.51 11.18 

6.64 16.26 

4.87 8.79 28.48 

6.09 

6.63 12.66 41.00 

7.73 

8.73 16.06 
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Ta'jle III Slopes and Correlation for Figs. 6b and 7c. 

Phase Thickness firain Size 
Temperature Slope (n) Correlation (r^) Slope (n) Correlation (r^) 

1300°C 0.42 0.96 

1500°C 0.36 0.99 (l.'il -0.99 

1700°C 0.3d -0.99 0.35 0.99 

1840°C 0.44 -0.99 0.46 -0.97 
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Table IV Change:; in A-15 Composition (Atomic %) with Time and Tempera
ture oF Reaction (Determinedby EDAX) 

Readings taken at 1700°C for 5 sec. 
Element Analysis No. 1 Analysis No. 2 

NJ> 61.7 70.0 

Al 31.5 26.8 

Ge 3.8 3.2 

Readings taken at 1700°C for 1 min. 
Element Analysis No. 1 Analysis No. 2 Analysis No. 3 

Nb 61.6 58.5 59.2 

Al 25.2 26.2 31.9 

Ge 13.2 15.3 8.9 

Readings taken at 1700°C for 35 min. 
Element Analysis No. 1 Analysis No. 2 Analysis No. 3 Analysis No. 4 

Nb 63.6 62.4 62.3 62.2 

Al 23.0 23.5 23.1 24.2 

Ge 13.4 14.1 14.6 13.6 

Readings taken at 1500°C for 15 min. 
Element Analysis No. 1 Analysis No. 2 

Nb 63.4 64.9 

Al 26.1 23.8 

Ge 10.5 11.3 

Readings taken at 1840°C for 15 rain. 
Element Analysis No. 1 Analysis No. 2 Analysis No. 3 Analysis No. 4 

Nb 64.8 64.0 60.4 61.8 

Al 26.7 27.3 26.7 27.0 

Ge 8.5 8.7 12.9 11.2 
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FIGURE CAPTIONS 

Fig. 1. Structure of the A-15 phase. 

Fig. 2. Optical Micrographs showing changes Ln the microstrueture of 

the Nb-Al-Ge system with time and temperature: (a) 1500°C for 

1 min. (b) 1700°C for 1 min. (c) IHAO'C for 1 min. Cd) 1500rtC 

for 5 min. (e) 1700°C for 5 inln. (T) 1«40°t: for S min. 

Fig. 3. Abar furnace. 1, Extension tube, 2. Tantalum rod, 3. back fill

ing port, 4. electrical leads, 5. tungsten mush heating element, 

6. Nb specimen, 7. radiation shields, 8. water cooled wall, 

9. W-5% Re vs. W-26% Re thermocouple point, 10. vacuum connec

tion, 11. quartz tube, 12. smaller quartz tube containing Al-Ge 

eutecticy 13. graphite crucible, 14. electric heater. 

Fig. A. Microstructure of the Al-Ge eutectic. 

Fig. 5. Sintered Nb compact infiltrated with Al-Ge eutectic. 

Fig. 6. Variation of the A-15 phase thickness with time, (a) linear 

scale, (b) log-log plot. 

Fig. 7. Grain growth in the A-15 phase, (a) average grain size - time 

plots (isothermal plots), (b) average grain size - temperature 

plot (isochronal plots), (c) log-log plot of 7a. 

Fig. 8. Scanning electron micrograph showing microstruccural changes 

with reaction, (a) specimen reacted at 1700°C for 5 saconds, 

(b) specimen reacted at 1700°C for 1 minute, (c) specimen re

acted at 1700°C for 15 minutes. 
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Ge-rich Phase 
Nb: 39.8% 
Al: 32.3% 
Ge: 27.9% 

Al-rich Phase 
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Ge: 6.8% 

A-1S Phase 
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Ge: 0.4% 

XBB 774-4173 

Fig. 8a 
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Ge-rich Phase 
Nb: 41.6% 
Al: 31.1% 
Ge: 27.3% 

A-15 Phase 
Nb: 61.6% 
Al: 25.2% 
Ge: 13.2% 

A-2 Phase 
Nb: 86.2% 
Al.1 10.8% 
Ge: 3.0% 

XBB 774-4172 

Fig . 8b 
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A-15 Phase 
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A-2 Phase 
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X6B 774-4171 

Fig . 8c 


