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DEVELOPMENT OF A-15 (V 3Ga) SUPERCONDUCTING MATERIAL 

THROUGH CONTROLLED PRECIPITATION 

M. Hong, D. Dietderich, and J. W. Morris, Jr. 

Department of Materials Science and Mineral Engineering and 
Materials and Molecular Research Division, Lawrence Berkeley 
Laboratory, University of California, Berkeley, CA. 94720. 

ABSTRACT 

A monolithi c process has been used to produce superconducti ng 

materials by control.led precipitation of·A-15 (V 3Ga) phase inside the 

B.C.C. matrix of a V-rich solid solution.· Ingots of V-17'V19 at. % Ga 

were prepared by arc-me lti ng, homogenizati on, and quenchi hg, were de-

formed at i ntermedi ate temperature into tape, and were aged at tempera

tures in the range 600-1000°C to precipitate theA-15 phase. The maxi

mum critical transition temperature ('V14.8°K) was found in materials 

aged at temperatures of 750°C or below. At these aging temperatures 

the Tc initially increases with aging time, and passes through a dis

tinct maximum., The source of the exceptionally high Tc is not clear, 

but may be attributable to a combination of high solute content and 

internal strain in the small A-15 precipitate particles . 
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INTRODUCTION 

Intermetallic compounds of the A3B type which form in the A-15 crys

tal structure often have excellent superconducting properties. However, 

these compounds are intrinsically brittle, and special processing tech-
'. '~ .' ': 

,.! .... ; .•.•.. : .. 

niques must be used to form,th'em'fhto superconducting wires or tapes. A 
i~:~.. ... ", 

" 

number of manufacturing tl~hniques have been suggested for laboratory or 

commercial use. These include the well-developed "bronze" process, 

which is widely used in the manufacture of Nb
3
Sn l ,2 or V

3
Ga wires 3,4,"in 

situ" multifilamentary wire processing5- 8, infiltration inethod9 , chemi

cal vapor deposition lO , powder metallurgical (P/M)processingll ,12, and 

others. While considerable success has been obtained with these various 

manufacturing methods, they have the common drawback of being metallurgi

cally elaborate and difficult to accomplish in practice. 

The metallurgically simplest method of wire manufacture involves 

casting an ingot of the desired composition and extruding or drawing the 

cast material into a wire. Virtually all conducting wires, including 

ductile Nb-Ti superconducting wires, are manufactured in this way, It 

is possible that variations on conventional wire making practice may also 

be used for the manufacture of high Tc superconducting wires or tapes 13,14. 

A monolithic processing technique which should succeed in producing 

supercondLicting wi'res containing A3B phases is simple to design in theory, 

and is illustrated in Fig. 1 with reference to the V-Ga phase diagram15 ,16. 

The V3Ga phase' is an ordered phase which is present in the equilibrium 

phase diagram in the isolated region shown to the left hand sideo The 

region of preference of the V3Ga phase lies below a well-defined critical 

temperature,above 'I/hich V and Ga form a solid solution. One may hence 

design a monolith~ process in which a V/Ga ingot of compdsition near 
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V 3Ga is made homogeneous by anneal i ng at teinperatures above the orderi ng 

temperature. If the ingot is subsequently cooled at a rate sufficient to 

suppress the formati on of the V 3Ga ordered compound, a supersaturated 

solid solution of Ga in V will be obtained. ,The solution should be re-

liitively ductile and amenable to processing through wire drawing or ex

trus ion. ' Thes uperconducti I1g phase might then be introduced by heat 

treatment at a temperature below the ordering temperature but high enough 

for the preci pi tati on of the V /Ga phase to proceed at a ki neti ca lly rea

sonab le rate 0 

There is, moreover,good reason to suspect that the mechanical de

formation involved in the wire drawing, extrusion or tape rolling step 

would have a favorable influence on the ultimate properties of the ma

terial.'The A-15 V3Ga structure, which has a rather large mismatch with 

the parent V/Ga lattice, should form preferentially along dislocation 

lines within the 'deformed matrix phase, promoting a closely interconnec

ted structure of the superconducting elements. A process of this type 

is mo~t straightforward in' the V-Gasystem, whose phase diagram contains 

a so1id solution region above the orderedV 3Ga compound, but modifications 

of it could easily be designed for other systeinS of the A3B type. 

While the monolithic processing procedure described above is simple 

and appealing in theory, and has been used with some success in explora

tory research by Pan,et a1. l3 ,its practical implementation faces sub

stahtial difficulty. The three most obvious problems are the following, 

which will again be discussed interins of the V/Ga system. 

(1) Quench-cracking. Assuming that one can achieve a homogeneous' 

solid solution of ';a and V by annealing above the ordering temperature, 

one must then ach 've a homogeneous solid solution at room temperature, 

.. 
1 , 
, I ... 
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which requires that, the ingot be cooled sufficiently rapidly to suppress, ' 

the formation of the A-15 phase. However, the rapid cooling of alloys .: ~ . 

frequently res ults ina phenomenon known as quench-cracki ng, in whi ch the 
.. 1. 

alloy spontaneously fractures due to thennal stresses on coolingo This' 

problem is usually attributed to chem,ical segregation during high tem

perature annealing~ and special steps must sometimes be taken to over

come it. Quench-cracking-like phenomena have, in fact, been encountered 

in previous attempts to form A3B superconducting compounds by monolithic 

processes 17. 

(2) Low Temperature BrittlenessoAssuming that the sample has been 

successfully quenchedto form a homogeneous solid solution at low tempera

ture,it still does not follow that the sample can be successfully formed " 

into a wire or tape. The matrix phases of interest, V or Nb, are bcc-

structure refractory metals which typically have high ductile-to-brittle 

transition temperatures, with the result that their solid solutions may 

prove to be extremely bri ttle at low temperature. 

(3) Non~stoichiometric Precipitation. ' The A3B compounds of interest 

as high field supreconducting phases permit relatively large deviations 

from stoichiometry,as indicated by the breadth of the stability field 

of the V3Ga in the V-Ga phase diagram. It is well-known that the super

conducting properties of the A-15 compounds deteriorate as the compounds 

devi ate from the true A3B compos i ti on. I t may; therefore, provedi ffi

cul t to achi eve good s uperconducti ng tran~ i ti on temperatures if the alloy 

is intentionally made lean in solute so as to facilitate melting and wire 

and tape fabrication. 

It is the pu Jose of this paper to describe how these three problems 

may be overcome~ 3.t least in the laboratory sense, to achieve V/Ga wires 
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and tapes having, very promising superconducting transition temperatures. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Melting, Homogenization and Quenching Procedure 

The alloys i nves ti gated here were prepared by arc mel ti ng pure s tart

ing components under an argon atmosphere. The starting materials were V, 

99. 8~ pure, purchased from the Un; ted Mi nera 1 and Chemi ca 1 Corporati on, 

Ga, 99.999% pure, purchased from the Orion Chemical Company. The arc 

furnace employed a water-cooled non-consumable tungsten electrode and a 
I 

copper hearth. The atmosphere was high puri tyargon, 99.995%, which was 

passed over heated zirconium to remove residual oxygen and nitrogen, and 

through ~ cold trap to condense moisture before being introduced into 

the furnace. During melting, the samples were inverted on the copper 

hearth and, reme lted at least four ti mes toachieve complete a 11 oyi ng be

tween the V and Ga·. There is, of course, a loss of Ga during melting 

through vaporization. The composition of the starting mixture of V and .. 

Ga is chosen so as to achieve a desired Ga content after melting and 

h6mo~enization. The nominal composition of the final product is then 

calculated on the assumption that the observed sample weight loss Was 

due to the vaporization of Ga. This method of computing the nominal 

composition appears reasonable as evidenced by chemical analysis, which 

yi e 1 ds Ga contents di fferi ng by no more than a fracti Oil of an atom per-

, \ cent from those computed. 

The samples investigated in this work had nominal compositions in 

atom percent, V-17'V19at% Ga. Referring to the V-Ga phase diagram, Fig. 1, 

samples of these compositions should preferentially form homogeneous bcc 

solid solutions at temperatures above approximately l300°C. The melted 

ingots were hence omogeni zed at a temperature of 1350°C -for 24' hours to 

'. 
l,.i 
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achieve a homog~neous starting material. During homogenization the 

samples were wrapped in tantalum foils and encapsulated in quartz tubing.,:' 

There is a slight further loss of Ga during the homogenization treatment, 

and this loss is accounted for in computing the final composition. 

FollONing homogenization the samples were quenched in water at room 

temperature. No quench-cracki ng was observed duri ngquenchi ng of the 
• >~ 

samples. Moreover, both optical microscopy and x-ray diffraction indi-' 

cated that the preci pitati on of the A-15 phase was s uppressedduri ng the 

quench. The suppress i on of preci pi tati on was further confi nned by s uper- . 

conducting transition temperature measurements, using the inductive 

method with a calibrated germanium resistance thermometer, which showed 

no critical transition temperature (Tc) above 5°K. The homogenization 

pl us water-quenchi ng treatment hence seemed Success ful in avoi di ng both 

quench-cracking and precipitation of the A-15 phase. 

Mechanical Deformation 

In the homogenized and quenched condition the VjGa samples were brit-

tle, and fractured catastrophically on deformation at room temperature, . 
A scanning electron fractographic analysis of broken sample surfaces 

(Fig. 2) revealed that the fracture mode was almost entirely quasi-cleav

age, indicating that the brittleness of these samples is due to the nor

mal low temperature brittleness of the bcc matrix structure. The ductile

to-bri ttle transition temperature of bcc all oysi s known to increase with 

grain size. Optical microscopy revealed that during the homogenization 

treatment substantial grain growth had occurred, giving a typical sample 

grain size larger than 1 mm. 

To avoid low .emperature brittleness, the samples were deformed at 

'\,800 0 e. The tot reduction in thickness accomplished during the warm 

, 
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rolli ng was 'V75% •. · 

Exami nation of the specimens after warm reduction by 75% at 80QoC 

revealed that there is a slight precipitation of the A-15 phase during 

mechani cal deformati on. A meas urement of the s uperconducti n9 trans i ti on 

temperature of the specimens after warmdeformati on gave T c' 'V9-l0oK~ 

Preci pi tat; on of the A-15 Phase 

Following warm deformation the samples were aged to precipitate the 

A-15 phase. The aging treatments were conducted over a range of tem

peratures from 60QoC to lOOO°C and for a number of aging times. The 

superconducting transition temperatures of the procut were then measured 

as a function of aging t~mperature and time, again using the inductive 

method. In the case of samples aged at lower temperatures and shorter 

times, a broad range of transition temperatures was observed. This transi

tion temperature range becomes narrower with longer aging time. 

The onsetsuperconducting transition temperature is plotted as a 

function of aging temperature and time for the V-1B.5 at, % Ga sa~ples 

in Fig. 3 and for the V-17.5 at.%Ga samples in Ffg. 4. For both com

positions it proved possible to obtairi transition temperatures in excess 

of l4°K by aging the deformed samples at temperatures between 600°C and 

750°C. The maximum Tc measured was 'V14.BoK,a value which compares fa

vorably to the 15 0 4°K which is believed to be the maximum attainable 

critical temperature for the stoichiometri·c V3Ga composition1 8• For 

aging temperatures of 800°C or below there is an apparent maximum in 

the curve of criti cal temperature vers us agi ng ti me. Theagi ng time re

quired to reach this maximum increases dramatically as the aging tempera

ture is lowered be 'Jw 750°C. However, in the case of the 18.5 at. ~~ Ga 

\ . 
v 
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specimen the peak critical temperature is reached after only three hours 

aging at 750°C., With aging temperatures of BOO°C tolOOO°C the critical 

temperature decreases to a val ue of lOoK or bel ow when the agi ng ti me is 

made long. 

Optical microscopic examination of these specimens reveals evidence 

for the precipitation of theA-15 compound in samples aged at BOO°C to 

1000°C (Fig 0 5aL However, samples aged at 750°C or below for the shorter 

agi ng ti me do not show opti ca 1 evi dence of the A-15 preci pi ta te (Fi g. 5b) 

beyond thei ni ti a1 preci pi tati on whi ch coul d be observed after the defor

mation step. Transmissi,on electron microscopic analysis of these samples 

are in progress to identify precipitates at higher magnification o 

DISCUSS ION 

It seems best to discuss these results in reverse order, beginning 

wi th the {nteres ting dependence of the meas ured T c on the agi ng tempera

ture and time. 

The Superconducting Critical Transition Temperature 

Reference to the Equilibr;um phase diagram shown ,in Figc reveal s 

that for the sample compositions used here (17-19 ato % Ga) and for ag

ing temperatures in the range 600°C to 1000°C the specimens fall within 

a two-phase region. At equilibrium these samples would therefore be ex

pected to contain an A-15 phase, of composition determined by the edge 

of the two-phase region at the parti cul ar agi ng temperature. AtlOOO°C 

the predicted composition of the A-15 phase is IV 20 ato % Ga, which, 

according to the work of Das et a1016, has T <lOoK. Because the equi~ 
c 

librium concentration-of the A-15 phase becomes progressively leaner in 

Ga as the aging tE: ,perature is decreased, successively lower transition 

temperatures woul! be expected from equilibrium considerations .. However, 

j, 

~" . 
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under tne non-equilibrium conditions, established during initial aging 

in the present work, the reverse happens. While aging at lOOOoe even

tually leads toa Tc near 8°K, and aging at 80noe ,also eventually yields 

a rather low T , the maximum val iJe of Tc increases when lower agi ng tem-c . 

peratures are used. 

The observation of higher Tc is almost certainly associated with the 

small size of the initial precipitate particles and with the high degree 

of supersaturation under whi chthey form. Preliminary transmissi on elec

tron microscopic analysis of the specimens aged at lower temperatures to 

near maximumTc does show diffraction evidence for A;..15 precipitates· 

wi-thin the V/Ga matrix. However, the precipitates are extremely fine and 

have not yet been clearly resolved. 

The small A-15 particles which initially precipitate from the super

saturated parent matrix will be expected to differ from the equilibrium 

A-15 phase in two aspects; composition and state of internal strain. Both 

differences may contribute to the high transition temperatures observed. 

There are thermodynami c reasons to anti cipate that the severe s uper

s·aturati on present at the time the parti cles form may cause them to have 

a more nearly stoichiometric composition than the equilibrium phase diagram 

would suggest.· The thermodynamic arg.ument follows directly from Gibbs 19 

who poi nted out that the energeti c barri er to the formati on of a sma 11 

particle of a new phase within a supersaturated matrix is minimized when 

the new phase forms ina state such that the chemi cal potential of each 

component remains constant. If both the parent and product phases are 

incompressible then the relevant chemical potential is the relative chemi

cal potential, whi :his equal to the slope of the free energy versus 

• 
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composition curve, of the parent solution measured at its mean composition, 

as illustrated in Fig. 6. The most favorable composition of small pre-

ci pi tate phase is that compos; ti on at whi ch its free energy vs. compos i-

tion curve, at the same temperature, has an equal slope. The predicted '. 

result, illustrated in Fig. 6, is that small precipitate particles formed 

under significant supersaturation will tend to be richer in solute than 

indicated by the equilibrium phase diagram. If the free energy vs. com-

position curve of the precipitated phase has a strong minimum near its 

stoichiometric composition; in the sense that the curvature of the free 

energy curve is very hi gh, then the preci pi tate wi 11 have a thermodynami c 

tendency to form initially in an almost stoichiorretric composition. This 

thermodynami ca lly preferred solute enrichment of the i ni ti a 1 preci pitate 

particles currently seems to offer the most plausible explanation for 

their very high transition temperatures. 

Since the A-15 phase is in this case formed by the solid state pre

cipitation within the solution matrix, and since the A-15 phase has a 

substantial mismatch with the parent matrix, one would also anticipate 

that the initial precipitates wouid be under a relatively high state of 

strain. The internal strain of the preCipitate particles may be relieved 

somewhat by preferential nucleation along defects in the matrix such as 

disl ocati ons or di s 1 ocati on modes and may be further re 1 i eved by the 

further accumulation of thermal vacancies at the precipitate-matrix in-

terface. It still must be expected that particles at relatively low 

temperature wi 11 retai n some s trai n for rather long agi ng ti me. The 

internal strain is known to influence the critical transition temperature 

in wayswhi ch remal poorly unders tood 20- 22 • According to T. F. Smith 20, 

however, the Tc of ~-15 (V 3Ga) increases with hydrostatic pressure. While 

the effect measur(· I by Smith is small (aT/ap = 1.05 x 1O-5oK/bar). 
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the result does suggest that internal strain may also contribute to the 

high value of Tc ' 

On the basis of the above. reasoning, the variation of critical tem

perature with the time and temperature aging may be rationalized as fol

lows. In the earliest stages of aging at all temperatures, small pre

cipitates form which are nearly stoichiometric in composition but are too 

small size to achieve an optimum critical temperature. As aging proceeds, 

the small precipitates coarsen, essentially at constant supersaturation, 

so that the critical temperature increases rapidly. Eventually a growth 

of the preci pi tate parti cles and the relief of the supersaturation of 

the parent matrix causes the composition of the particles to adjust to

\'Jards the equilibrium value,with a gradual loss of critical temperature. 

If theagi.ng temperature is high, BOOoe or higher, the 1I0ver-agingll adjust

ment ta.vard an equilibrium composition sets in before a peak critical 

temperature is reached, so that the maximum critical temperature is 

rather 10\'/. At 10\'Jer telilperatures a critical temperature near thc-: opti

mum value for the V3Ga phase is approached and maintained for some time 

before over- agi ng gradua 11y dri ves the sys tern toward equi libri urn. Thi s 

interpretation is~ in part, testable through high-resolution electron 

microscopy. The relevant experiments are tedious, but are now in progress. 

Formation and Deformation of V/Ga Solid Solution 

To form a wire or tape from V/Ga solid solution, it is necessary to 

prevent spontaneous cracki n9 of the V /Ga ingot duri ng i ni ti a 1 quenchi ng, 

that is, to suppress quench-cracking, -and it is fUrther necessary to 

identify procedures for rolling or drawing the ingot without cracking 

after it has been .ooled. 
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In the case, of the V/Ga solid solution, there are three potential 

sources of quench-cracking which must be guarded against. The first is 

the formati on of bri ttle i nterdentriti c compounds duri ng the sol; di fica

tion, in this case Ga-rich intermetallic phases. The second ;s the segre-' 

gation of embrittling species to grain boundaries during homogenization; 

and the third is the precipitation of A-15 phase along grain boundaries 

during quenching. 

To guard against the presence of crack-inducing interdentritic com

pounds, the alloys were. homogenized within the solid solution field in 

the phase diagram for an extended period. Given the high purity of the 
.4' 

S tarti ng lTiateri a ls nO gra; n boundary segregati on was anti ci pated duri nq 

this homogenization treatment, although it should be mentioned that 

quench-cracking presumably associated with an oxygen segrega:ion to the 

grain boundaries has been encountered in other phases of this project in 

the samples containing unusually high oxygen concentrations after melting.' 

Following homogenization a normal water quench appears sufficient to sup-

press precipitation of tl:ie A-15 phase to any significant extent. With 

the exception of the oxygen-containing sample me'ntioned above no quench

cracki ng was encountered in thi s research. 

In order to draw the supersaturated solid solution into a wire or 

tape, however, it di d prove necess ary to use warm worki ng treatments at 

appro.ximately 800°C. Attempts to deform the samples at room temperature 

encountered severe brittleness problems. This result was not surprising 

since the V/Gamatrix is a body-centered cubic phase which is known and 

expected to undergo classic ductile-brittle transition behavior as the 

deformation tempe 3ture is lowered. The ductile to brittle transition 
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temperature in body-centered cubic metals is known to be a strong func

tion of the alloy grain size. Due to the extensive homogenization of 

the samples, the grain size of the alloy in the as-quenched state is large, 

approximately> 1000 microns. The ductile-brittle transition tempera

turei s therefore hi gh, and warm working' procedures <;ire necessary if 

the alloy is not to crack during deformation. Lower working temperatures 

could presumably be used if the alloy is treated so as to refine its 

initial grain size, either by making chemical additions to inhibit grain 

growth during the homogenization step, or by deforming and recrystalliz

ing the alloy prior to the principal working operation. Research along 

these lines is currently in progress. 

CONCL US IONS 

The principal conclusion of the present research is that itis pos-' 

sible to produce high Tc wires or tapes from the V-Ga system by a mono

lithic process in which an ingot is cast as a supersaturated solution of 

V and Ga, homogenized at elevated temperature, quench~d to preserve the 

supersaturation, formed into a wire or tape, and finally heat treated 

at a relatively low temperature to precipitate the superconducting phase. 

To achieve exceptionally high critical temperatures, the precipitation 

reacti on must be carried out at temperatures be low approxi mate ly 750°C. 

The measured critical temperature then becomes a function of the aging 

time, and reaches a maximum value as high as l4.8°K in alloys contain

ing 17-19 at. % Ga. The reason for the exceptionally high critical 

temperature when the precipitation is carried out at lower aging tem

peratures is not established, but may be plausibly interpreted as due 

to a thermodynamic :endency for small precipitates formed from highly 
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supersaturated solid solutions "to be rich in solute content. The effect 

is possibly enhanced by internal strain of the initial precipitate par

ticles. 
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FIGURE CAPTIONS 

Figure 1. , The relevant portion of the V-Ga equilibrium phase diagram as 

reported by van Vucht et al. 15 (dot-dash lines) and modified 

by Oaset al. 16 (solid line's). 

Figure 2. Scanning electron fractograph of a V-17~5% Ga sample broken, 

after-homogeni zati on and q uenchi n9. The fracture occurs pri-

marily through transgranular cleavage. 

Figure 3. The critical transition temperature of deformed lB.5% Ga 

samples as a function of aging time for various aging temperatures. 

Figure 4. The critical transition temperatures of deformed ').5% Ga 

sampJes asa fUnction of aging time for various aging temperatures., 

Figure 5. Optical'micrographs of V-17.5% Ga samples aged ·forlO hours at 

(a) BOO°C and ( b ) 700°C showing the precipitate phase. 

Fi gure 6. Schematl c i 11 us trati on of Gibbs free energy vs . compos iti on at 

given temperature: C
l 

and c2 are the equilibrium compoSitions 

of the hypotheti cal ex and A-15 phases at this tmperature. ',' C
l 
* 

;s the composition of the supersaturated solid solution and c
2
* 

is the preferred composition of'the initial A-15 precipitate. 
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Figure 2. XBB 798-1 0315 
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Fi gure 5a 
XBB 798- 10375 
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