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ABSTRACT

Superconducting Cu-rich composites containing the A-15 com-
pounds V3Si or V3Ga have been made by the '""Tsuei' process, which
consists of melting the constituent elements into ingots followed by
subsequent cold working and heat treatment. The superconducting
transition temperatures of the resulting composites have been meas -
ured. X-ray diffraction analyses have been performed to identify
the phases in the alloys. The microstructures have been studied using
both the optical metallograph and the scanning electron-microscope.
For some composites containing V3Ga, the critical current densities
as functions of transverse magnetic field up to 60 kG, and as func-
tions of temperature from 4. 2°K to 12°K have been measured. It was
found that the Tsuei process does not work for the composites con-
taining V3Si, but works satisfactorily for the composites containing
V3Ga. The reasons are discussed based on the results of micro-
structure studies, electrical resistivity measurements, and also the
relevant binary phase diagrams. The relations between the meas-
ured properties and the various metallurgical factors such as the al-
loy compositions, the cross-section reduction ratios of the materials,
and the heat treatment are discussed. The basic mechanism for the
observed superconductivity in the materials is also discussed. In ad-
dition, it was found that the Tsuei composites are expected to have
high inherent magneto-thermal stability based on the stability theory

of superconducting composites.
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I. INTRODUCTION

Intermetallic A-15 "B-tungsten'' compounds such as Nbssn,
V3Ga, V3Si, and the recently obtained NbBGe are superconductors
with the highest superconducting transition temperatures and critical
fields among all superconducting materials known by far. Thus, these
materials are expected to be most useful for engineering applications
such as magnets, power transmission lines, motors, and generators.
But these materials are accompanied with the common property -
brittleness, thus making the fabrication of these materials into usable
form, for example wires, very difficult.

At present, several methods for fabricating superconducting
composites containing A-15 compounds have been developed; among

74.‘
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these are surface diffusion process , vapor deposition process ,

. 3,6-8
and composite process .

These processes are complex and
costly; thus, their commercial usefulness is limited. Also, it is diffi-
cult to achieve optimum conductor configuration in these composites.
A new kind of process for fabricating ductile superconducting
composites containing elements such as NMb has been proposed by
Tsueig. The process consists of first casting a ductile matrix metal
such as Cu with the superconducting element into ingots. Due to the
small solubility of Nb in Cu, the added Nb appears as precipitates of
an average size of a few micronsll. Subsequentdrawing of these ingots
into wires elongates these Nb precipitates into filaments, the size of
which depends on the degree of drawing. These wires have been found

to be superconducting with transition temperatures close to that of Nb,

and reasonably high critical current densities.
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It has been found that by melting appropriate amounts of Sn with
Nb in Cu, then fabricating the ingot into wires, and then applying suit-
able heat treatment, these wires can have superconducting transition
temperatures as high as 16°K, indicating the formation of Nb3Sn in the
Cu matrixg. This new process is expected to be applicable in fabri-
cating composites containing other p-W compounds.

Since V,Ga has higher critical current density than Nb_Sn at

3 3

fields above 100 kG7, and thus seems to be the better candidate for
generating magnetic fields above this strength, investigations have
been made to find out if V3Ga filaments can be formed in a Cu matrix
by a similar process. Furthermore, it is desirable to study some of
the superconducting properties of the resulting composite, for in-
stance, the transition temperature, the critical field, and the critical
current density, etc., in order to determine the applicational value of
the new material. Meanwhile, since V3Si is also a good A-15 super-
conducting compound, it is also desirable to explore the possibility of
applying the process to V3Si - Cu composites.

The present study involves preparation of composites contain-

ing both V3Si - Cu and V_,Ga - Cu, measurements of superconducting

3
properties including transition temperature, critical current density
as a function of temperature and transverse magnetic field, x-ray
analysis and identification of phases, microstructure studies using
both optical and scanning electron microscopes, magnetization meas-

urements, and some analysis of parameters based on existing theory

on superconducting composites.
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II. EXPERIMENTAL PROCEDURES

A. Preparation of Alloys

Two classes of alloys have been studied. Their compositions
are of the form CulOO_x_nySiy and CulOO_x-nyGay’ where x and
y fall in appropriate ranges. Values for x and y for these two
classes of alloys which have been studied are given in Tables 1 and 2,
respectively. The purities of the various elements used for preparing
these alloys are: 99.99%pure Cu, 99.99999% pure Ga, 99.999% pure
Si, 99.5% pure V. Some alloys are prepared with slight amounts of
impurity, such as Al (99. 99%pure) or P (99.9% pure) added.

Because of the high melting point of V (1900°C) which is pres-
ent in alloys studied, the silver-boat techniqu.e12 has beep used for
making all the alloy ingots. Appropriate quantities of constituent el-
ements were melted by induction melting in an argon atmosphere on a
silvver boat cooled by running water. The temperature reached is es-
timated to be near 2000°C. The melting processes were repeated
several times, and then the ingots, averaging 3 grams in weight, were
cooled at a rate of about lOOOC/se_c. Extra amounts of the more vola-
tile element such as Cu were added to compensate for the loss during
the melting process in order to ensure that the compositions were
close to the nominal one.

B. Preparation of Composites

The as-cast ingots obtained by the induction melting process
described above were then cold-worked into various forms. First,
they were rolled with a Stanat Model CX 100 Rolling Mill into rods of

cross section of about 1 mm X 1 mm. Some specimens were further
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TABLE 1. Composition CulOO-x-nySiy of Alloys Studied.
x ¥ Composition63
3. 75 1. 25 Cugs(V?}Si)5
6 2 Cugz(V3Si)8
Wb 2.8 Cugo(V3Si)10
11.25 3. TH Cn.185(\/'35i)15
=5 7.5 Cu85V7. SSi7. 5
13. 125 4.375 Cusz. 5(V3Si)17. 5
15 L3 CU‘SO(VBSi)ZO
16. 875 5. 625 Cu,”,. 5(V3Si)22. 5

35 1. 25 C (V3Si)5Al

%93.5 1.5
7.5 2.5 Cligg gl VaPilyghls =
11.25 3.75 Sty B S s Al, v
15 5 e

1325 3.75 Cu84.9(V3Si)15P0. )
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TABLE 2. Composition Cu VxGay of Alloys Studied.

100-x-y

x R Composition

B 2 Cu93V5Ga2

8 10 Clgs Vgl

8 12.5 B9, 5Y 80212, 5
10 5 85V Ga5

10 8 Chuge Y1999

10 10 SOV Gao

10 12.5 Ctgr 5V 10%%12,. 5
15 10 Cuse¥ 8%

20 10 GO Vo G

70 207710
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rolled on the same rolling mill into sheets of cross section of about
0.25 mm X 3 mm. To obtain a higher degree of cold working, some
specimens in rod form containing V, Ga, and Cu were sent to Sig-
mund Cohn Corp., which specialize in wire drawing of metals, to be
made into wires of diameters of ~0.4 mm, ~ 0.3 mm, and ~ 0.13 mm.

During the rolling process, it was sometimes necessary to
anneal the specimens at 400°C for about 2 days for stress relieving
in order to prevent the specimens from cracking. It was found that
alloys containing more than 12. 5 at. %of Ga and those containing more
than 7.5 at. % of Si were very difficult to cold work. They cracked
easily in spite of frequent intermediate annealing.

In the early stage of the work, powder metallurgy technique
was used to make alloys containing V, Si, and Cu. Fine powders of
Cu and VBSi (made by grinding V3Si crystals) were thoroughly mixed
together and then pressed into pellets of dimensions of about 0.6 cm
X 0.6 cm X 2.5 cm. The pellets were then melted on the silver boat,
hoping that VBSi could stay undissociated in the melting process.

The resulting ingots were then rolled into rods, and their electrical
resistivities were measured. However, the result turned out to be
unsuccessful, and the effort was discontinued.

C. Heat Treatment

After being fabricated into rods, sheets, or wires, specimens
were cut into segments of about 3 cm in length and sealed in quartz
tubes under vacuum. They were heat treated in furnaces for various
lengths of time at several temperatures. For Cu-V-Si specimens,

the temperatures used for annealing were 400°C, SOOOC, 6OOOC,
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700°C, BOOOC, and 900°C. For Cu-V-Ga specimens, the tempera-
tures used were 6000C, 6500C, and 800°C. The annealing time
ranged from a few hours to a few days.

D. X-Ray Diffraction

The Debye-Scherrer method13 was used to identify the alloy
structure and sémetimes to determine the lattice parameters of the
phases. The specimens were filed into powders and passed through
a 325-mesh screen, then loaded into thin-walled quartz capillaries
of 0.3 mm or 0.5 mm diameter. The capillaries were then mounted
on the rotating specimen holder of a 114. 6 mm diameter Debye-
Scherrer camera. Care was taken in centering the specimen capil-
lary in the incoming x-ray beam. Typical exposure time was about
4 to 6 hours at 45 kV and 20 ma with Ni filtered Cu KQ radiation.

In generzl, between 12 to 18 diffraction lines were visible on the
film. Each line was then identified to determine the lattice struc-
ture, and thus the phase, which gave rise to the observed diffraction.
Lattice parameters were corrected for film shrinkage, camera
radius error, and specimen centering error by extrapolating against
the Nelson-Riley function.

E. Electrical Resistivity

A standard four-probe method was used to measure the elec-
trical resistivities of specimens. Specimens in rod -form were
etched in dilute nitric acid to reduce the cross section to about 0.5
mm X 0.5 mm. Specimens in sheet form were cut to cross sections
of about 0.25 mm X 1 mm. All specimens were then cut to a length

of about 3 cm, and two potential leads were attached to the speci-
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mens by spot welding. The distance between the two potential leads
was about 1 ecm. The two ends of the specimens served as current
leads.

The superconducting transition temperature (TC) for a speci-
men was determined from the measured electrical resistivity as a
function of temperature between 4. 2°K and 25°K. The criterion for
superconductivity was that the potential drop across t‘:he two potential
leads of a specimen was less than 0. 01 4V at a current of 0.1 A.

Tilis corresponds to an upper bound electrical resistivity of the order
of 1071 0 em.

Due to the large number of specimens that require electrical
resistivity measurements, an automatic data acquisition system has
been assembled to handle the large number of measurements. As
shown in Figure 1, the data acquisition system consists of a micro-
processor which will be described later, a relay array, an ASR-33
teletype, and a digital voltmeter. The relay array,which is controlled
by the micro-processor through one of its four output ports (one port
consists of four bits of binary data), is used for analog channel selec-
tion. The selected analog signal, which is either the DC potential
drop across the two potential leads of one of the three specimens or
the DC potential delivered by the temperature sensor, is sent to the
digital voltmeter, which digitizes the analog signal into parallel BCD
data, which are then fed back to the micro-processor which then en-
codes the BCD data into ASCII characters and transmits them serial-
ly to the teletype unit where data are recorded on punched paper tapes.

The micro-processor consists of an Intel-4004 Central Proc-
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essor Unit, an Intel 4008 Address Interface, an Intel 4009 I/O Inter-
face, a Random Access Memory (RAM) Array consisting of four Intel
4002 RAM, and a Programmable Read Only Memory (PROM) Array
consisting of four Intel 1702A PROM. Some TTL devices are used for
data multiplexing and logic level shifting. The programs are stored on
the PROM Array. Figure 2 shows the block diagram of the micro-
processor unit. The programs were written in machine codes. An as-
sembler was writtén with FORTRAN to assemble the machine codes.
The programs' execution was simulated on the Caltech PDD-10 Time
Sharing System and debugged before they were loaded on the PROM.

The digital voltmeter used in the data acquisition system is a
7% digit Hewlett Packard 3462 A digital voltmeter. The analog signal
was amplified by a Keithley 150AR Micro-Ammeter/Amplifier before
it was fed to the digital voltmeter. The constant current source used
is a North Hills Model TC-1002 BR Voltage/Current Reference Source.

F. Critical Current Measurements

Critical current measurements were made on Cu-V-Ga speci-
mens only. For some specimens, only the critical current densities
at 4. 2°K and zero transverse magnetic field were measured. The ap-
paratus used for the measurement is similar to that described in
Ref. 1. The critical current was defined as the value of the current
which produced a potential difference of 1 uV. The potential differ-
ence was measured as the average potential difference with the current
flowing in both forward and reverse directions through the specimen.
This was done in order to eliminate the thermal drift in the measuring

circuit. The potential difference was measured with a Dana 5800 digi-
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tal voltmeter. The critical current density was defined as the value of
the critical current divided by the total cross-sectional area of the
specimen.

For some selected specimens, the critical current densities at
4.2°K as a function of transverse magnetic field between 0 to 60 kG
were measured. The specimens were mounted on an apparatus for
measuring critical current densities, and the apparatus was inserted
in the bore of a Westinghouse Nb-Zr superconducting solenoid capable
of generating a field of 65 kG at the center of its bore. The specimen
and the superconducting solenoid were immersed in the same liquid
He bath during the measurement.

For measuring critical current densities as a function of tem-
perature, the pulsed current method was used. The specimen was
mounted in a probe similar to the apparatus for critical current meas-
urement except that the specimen and the current leads were mounted
in between two copper heaters which were hemi-circular in cross
section. The heater wires were wound non-inductively on the copper
pieces. A calibrated GaAs temperature sensor made by Lake Shore
Cryogenics was placed under the specimen. The entire heater -
specimen assembly was sealed in a cylindrical canister with Wood's
metal used for sealing. The probe was pumped, and then a few centi-
meters of Hg pressure of He gas were led into the canister to improve
the heat exchange. A temperature controller was used to control the
temperature of the heater - specimen assembly to within 0. 1°K resolu-
tion. Figure 3 shows the design of the probe used in the measurement.

Figure 4 shows the circuit used to derive the current pulse and
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to record the waveform of signals. The current pulse passing through
the specimen was obtained from a Hewlett Packard HP 6260B power
supply operating in the remote voltage programming mode. The shape
of the current pulse was approximately triangular. The duration of
the pulse was about 5 msec. The programming voltage signal, which
was triangular in shape, was obtained from a Hewlett Packard HP-
3300A Function Generator equipped with a HP-3302A Trigger Plug In
unit. The function generator was in turn triggered by a timer with
delay time variable between 0 and 99 seconds.

The voltage signal developed across the potential leads of the
specimen was amplified with a Princeton Applied Research Type-113
Low Noise Preamplifier, and then recorded with a Tektronics Type
536 Oscilloscope. The current pulse passing through the specimen
was also recorded through the same circuit. The typical shapes of
the current and voltage pulses are shown in Figures 5 and 6.

It has been found that the duration of 5 msec for the current
pulse was close to optimmum. If the duration exceeds 15 msec, the
specimens tend to burn out after they go through the superconducting -
normal transition. On the other hand, the dropin frequency response
in the programming circuit of the HP-6260B power supply for fre-
quencies exceeding 120 Hz limited the magnitude of the current avail-
able in the circuit if a shorter duration was used. Since the duty cycle
of the pulsing was low (about 1 pulse per 30 seconds on the average),
the heating effect caused by the current at the solder joints between
the specimen ends and the current leads was negligible. In fact, that

was the main reason the pulsed current method was used to measure



= 1.5

‘poyzowt judrind pasind ayj3 Sursn sanjeradwd) pur pIdy jo

3d400S01110S0
9€G XINOYMIMIL

AVARRVA
1]

UoT3oUNy s® AJTSUSP JUSIIND [BOTTIOD 9Y} JUTINSESW JOJ PIsnh JINOITO oY3 Jo wrelderp yo07g

' 21ndr g

NVWIJ3dS

L]

HOLSIS3

INNHS

\

H3141NdWV3dd
3SION MO
€l1-yvd

'\

AlddNS
43IMOd
80929-dH

Na

4O1vH3IN39
NOILONNS
VOOEE-dH

7
L'}

399141
d33IMS

H3NWIL




-16-

Potential and current waveforms for a 0625 mm
sheet, heat treated at 650 C for 2 days.

A) 7? = 8-1 , H=0 kG. Curve 1: potentia(.)l, 4.0 mV/div;
3.2 A/div. B) T=12.5"K, H = 0 kG.
1.6 mV/div; Curve 2: current 1.6 A/

Figure 5.

Curve 2: current,

Curve 1: potential,
div. Horizontal: 1.6 msec/div.



Figure 6.
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Potential and current waveforms for a 0.4 mm
VIOG 0 wire, heat treated at 650°C for 2 days.
BIQ , H=7.0 kG. Curve 1: potentlal 16 mV/div,
Curve 2. current, 3.2 A/div. B) T=09.1 K H=1.0kG.
Curve 1: potential, 16 mV/div, Curve 2: current, 3.2 A/
div. Horizontal: 1.6 msec/div.
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the critical current as a function of temperature; otherwise, if DC
current was used, the heating effect would make the temperature
measurement entirely unreliable, since current as high as 60 amps
was sometimes required to cause the specimen to go normal.

The value of the current at which the potential across the
specimen jumped from zero was taken as the critical current. It
was found that the measured critical current at 4. 2°K was in reason-
able agreement with the result obtained by DC measurements where
the specimens were immersed in liquid He during the measurement.

The same apparatus can be modified to make AC loss meas -
urements. All that is required is to replace the power supply by a
power amplifier coupled with a linear low-impedance transformer
such as a UTC LS-34 High Level Matching Transformer made by
United Transformer Co., and operating the function generator in free
run mode with sinusoidal wave output.

G. Metallographic Studies

Some of the specimens were prepared for metallographic ex-
amination. A number of Cu-V-Ga specimens have been further exam-
ined with a scanning electron microscope. The specimens were pre-
pared in the following manner. A piece of wire or rod specimen was
placed in a Buehler 1 1/4' bakelite ring mold and then vacuum cast in
Buehler plastic epoxide resin. Specimens in sheet form required spe-
cial mounting. They were firmly clamped between two 1/8'"'X 1/2' X
3/4" 316 stainless steel blocks, and then placed in the bakelite ring
mold so that the specimen appeared on the edge before casting.

The mounted specimens were then wet ground on No. 400 wet-
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or-dry sand paper followed by No. 600 paper. Rough polishing was
done on an 8' wheel, covered with nylon cloth, and charged with 6 um
diamond paste. Intermediate polishing was done on an 8' wheel cov-
ered with Buehler microcloth, and charged with 1 um diamond paste.
Final polishing was done on an 8' wheel covered with microcloth, and
charged with a distilled-water suspension of 0. 05 ym gamma alumina.
Etching was done by swabbing with an etching solution contain-

ing 1/3 of 3% H,0,, 1/3 of 5%$NH ,OH, and 1/3 of distilled water.

<+
Etching time was 20 to 30 seconds, depending on the individual speci-
men. Each specimen was alternately polished and etched at least
three times to assure removal of the disturbed layer. The specimens
were then examined with a Bausch and Lomb Metallograph. Typical
magnification used was 750X. Some Cu-V-Ga specimens were also
examined with a Cambridge Scanning Electron Microscope equipped
with EDAX (Energy Dispersive Analysis of Secondary X-ray Emission
Spectrum) in order to get higher resolution and also to better identify
the phases. Typical magnification used ranged between 200X to 5000X.
Some of the Cu-V-Ga specimens -were also examined with an
electron microprobe to investigate the distribution of various ele-

ments in the specimen.

H. Magnetization

The magnetization as a function of field in the range of 6 kG
for a few Cu-V-Ga specimens has been measured. A standard Fara-
day Magnetometer was used to do the measurement. The magnetic
field was generated by a 6'' Varian electromagnet equipped with a

2
constant force pole cap. The force gradient was 10.25 kG /cm for
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0. 4 inches under a pole piece gap of 1 inch. An RG Cahn electro-
balance was used to measure the force exerted on the specimen. The
output of the electrobalance was measured with a digital voltmeter;
typically a 5 microvolt signal corresponds to a force of 0.1 micro-
gram.

The specimen was chopped into fine pieces and loaded in a gel-
atine capsule, which was then suspended from the measuring arm of
the electrobalance with an 0. 003 -inch quartz fiber. The balance was
housed in a bell jar, with a stainless steel tube extending downwards
from the bell jar. The quartz fiber, gelatine capsule, and a heater-
thermometer assembly were suspended in the stainless steel tube.
Care has been taken to make sure that the capsule was hanging freely
from the balance only. The magnetic field was measured with a Bell
incremental gaussmeter. The accuracy of the magnetization meas -
urement is estimated to be about 2 per cent, decreasing to a:bout 7

per cent for a field below 1 kG.
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III. EXPERIMENTAL RESULTS

A. Electrical Resistivity and Superconducting Transition Tempera-

ture Measurements

The electrical resistivities of specimens have been measured
for both Cu-V-Si and Cu-V-Ga specimens in various forms. Fur-
thermore, different annealing temperatures and annealing times
have been chosen to heat treat the specimens, and the electrical re-
sistivities were again measured after the heat treatment. About 400
separate electrical resistivity measurents were made, and the re-
sults are summarized in this section.

1. Cu-V_-SiSpecimens. Most of the specimens studied

have fixed atomic per cent ratios of vanadium to silicon, namely,
3 to 1. Thus, we can classify the Cu-V-Si alloys studied according

totheir VBSi content.63 In order to study the effect of varying the rel-

ative atomic percentages of vanadium and silicon, some alloys of

g5 V7. 5517 5

1.1 Alloys containing 8 at. % and 10 at. % of V

other compositions were also studied, for example, Cu

Si. Figure

3

7 shows the measured electrical resistivities as a function of tem-
perature between 4. 2°K and 25°K for cqu(V3Si)8 rods annealed at
400°C for various lengths of time. As can be seen from Figure 7,
all specimens regardless of their annealing time showed the onset of
a superconducting transition at ~170K, which is the superconducting

18

transition temperature for V,Si (16. 9°K). This agrees with the

3
results of x-ray diffraction analysis which will be described in the

next section. The specimens with annealing time less than 4 days

were not superconducting. Specimens which were annealed for 4
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days and 6 days showed complete superconducting transitions at
temperatures slightly above 5°K.

Figure 8 shows the measured electrical resistivities as a
function of temperature for Cu92(v351)8 rods annealed at 600°C for
1 day, 2 days, and 3 days. All specimens showed the onset of su-
perconductivity at ~ 17°K, but none of them had a complete super-
conducting transition above 4. 2°K.

Figure 9 shows the measured electrical resistivities as a
function of temperatures for Cugo(V3Si)10 rods annealed at 400°C
for various lengths of time. As can be seen, none of the specimens
were completely superconducting above 4. 2°K, although they all
showed the onset of the transition at about 17°K. Annealing at
600°C did not improve the superconducting properties of
Cugo(V3Si)10 rods, as can be seen from Figure 10, on which the
electrical resistivities of rod specimens annealed at 600°C for var-
ious periods of time are shown. High-temperature annealing tends
to deteriorate the properties of Cugo(V3Si)10 specimens, as can be
seen from Figure 11, which shows the measured electrical resis-
tivities of specimens annealed at 900°C for various periods of time.

Thus, we can see that for Cu-V-Si specimens containing
10 at. % of (V3Si) or less, annealing did not improve the supercon-
ducting properties of the specimens. There is evidence of forma-
tion of V3Si in the Cu matrix during the process of melting the in-
gots, but further annealing did not cause the reaction to go any fur-
ther. Measurements made on specimens containing 5 at. % of V3Si

showed similar results. This is quite in contrast with the results
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obtained on Cu-V-Ga specimens, which will be discussed later in this

section.

1.2 Alloys Containing 15 at. $and 17.5 at. $of V. Si. Figure

3

12 shows the measured electrical resistivities for CuSS(VSSi)ls rods

annealed at 600°C for various lengths of time. As can be seen, the as-
rolled specimen was nearly superconducting at about 5. OOK, and
showed two onsets of transitions at ~ 17°K and ~ 10°K, respectively.
But the annealed specimens seemed to have lost this behavior after
heat treatment. Figure 13 shows the measured electrical resistivities
for CL185(V3Si)15 rods which have been annealed at 800°C for various
lengths of time. As in the case of the specimens annealed at 600°C,
the superconducting properties of the as-rolled specimens deteriorated
after annealing at 800°C. Annealing at 900°C seems to have improved
the superconducting properties, as can be seen from Figure 14. The
specimen annealed at 900°C for 3 hours was nearly superconducting at
~ 7°K.

Thus, it seems that in order to obtain specimens which can have
complete superconducting transitions above 4. 2°K, the specimens
must contain more of V3Si than a certain minimum. Furthermore, the
annealing temperature has to be high, as all indications show that the
reaction for formation of V3Si proceeds only athigh temperatures near
or above 900°C.

Results obtained from measurements made on 0“82.5(V3Si’17_5
specimens also showed this trend. Figure 15 shows the measured
electrical resistivities for Cug, (V,Si) rods annealed at 700°C

XT.5

for various lengths of time. It can be seen that the specimen annealed
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for 6 hours gave the better characteristics. Further annealing caused
the specimens to show the double transition with onset temperatures at
~ 17°K and ~ IOOK, respectively, as can be seen from curves C and D
on the figure. Prolonged annealing did not improve the characteristics
of the specimen.

Figure 16 shows the measured electrical resistivities of the

Cu (VSSi) specimens annealed at 900°C for various lengths of

825 17.5
time. It can be seen that the specimen which has been annealed for
one day showed the best characteristics. This is in agreement with
the results obtained for Cu85(V3Si)15 specimens. But the choice of

annealing time also seems important, as shown by curve E in Figure

16 for a specimen annealed for 36 hours at 900°C.

1.3 Alloys Containing 20 at. %of V3E‘£. Figure 17 shows
the electrical resistivities for the Cugo(v3Si)20 rods annealed at 6000C
for various lengths of time. The as-rolled specimen had a complete
superconducting transition at ~5. 5°K, but the annealed specimens
were not superconducting above 4. 2°K. All specimens showed double
transitions with onsets at ~17°K and at ~ 10°K, respectively, indicat-
ing the formation of a superconducting compound other than V3Si.
Figure 18 shows the electrical resistivities for specimens annealed at
800°C. It can be seen that annealing at 800°C did not improve the
characteristics of the specimens; but specimens annealed at 900°C
showed pronounced improvement. As shown in Figure 19, on which
the electrical resistivities of specimens annealed at 900°C are shown,
the characteristics of specimens improved as the annealing time was

increased; until the annealing time of one day was reached (curve D on
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Figure 19), at which time the specimen exhibits the best character-
istic achieved with the Cu-V -Si specimens. It showed the same on-
set temperature for the superconducting transition, but the temper-
ature for complete transition to occur was ~11. 0°K. Further an-
nealing tends to deteriorate the superconducting properties, as can be
seen from curve E on the same figure, corresponding to a specimen
which has been annealed for two days.

Thus, reinforcing our earlier remarks, we can arrive at the
conclusions that, in order to obtain a Cu-V-Si specimen which has
complete superconducting transition at relatively high temperature,
the V3Si content in the specimen has to be above a certain minimum,
and the heat treatment must be done at a high temperature and with
optimum annealing time.

1.4 Alloys with Other Compositions. Alloys containing

more than 20 at. % of V_Si have been made, but it was found that they

3
were not ductile enough for proper cold working to be applied. Slight

amounts of impurities such as Al or P have been added to some al-
loys hoping that they might reduce the oxidation and thus improve the

bonding between the V,Si phase and the Cu matrix, but not much im-

3

provement was observed.
Alloys with different atomic percent ratios of V to Si have
also been tried. Figure 20 shows the measured electrical resistivi-

S rods which have been annealed at 900°C for

ties for Cu85V7. 551, o
various lengths of time. As can be seen from the figure, the anneal-

ing time of one day (curve B) seems to result in the best character-

istic. But the specimen did not show a complete superconducting
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transition.

2. Cu-V-GaSpecimens. The alloys studied can be grouped ac-

cording to the atomic percentage of vanadium contained in them. There
are five groups according to this classification, namely, those con-
taining 5, 8, 10, 15, and 20 at. %of vanadium.

2.1 Alloys Containing 5 at. ¥ Vanadium. Only one concen-

tration has been studied in this group, with composition Cu93V5(3a2.
In the rods studied, no superconducting transition was observed in the

as-rolled specimen or the annealed ones.

2.2 Alloys Containing 8 at. % Vanadium. Alloys with two

different compositions have been studied, namely, Cu_,V and

g2Vg%2 o

Cuz9.5V85%12. 5"

Figure 21 shows the measured electrical resistivities as a
function of temperature between 4. 2°K and 25°K for rods rolled from
a CuBZVBGalo ingot and annealed at 650°C for different lengths of
time up to 4 days. It can be seen from Figure 21 that the as-rolled
specimen was not superconducting above 4. ZOK, but the specimen
which had been annealed for 27 hours had a non-complete supercon-
ducting transition with TC ~ 10.3°K. Further annealing to 2 and 3
days caused the superconducting transition in the specimens to become
complete at about the same TC. But longer annealing times seem to
cause the transition to become non-complete again, as can be seen
from Curve E on the figure. By ''non-complete'' transition we mean
that the specimen develops a finite potential drop across its potential
leads even at temperatures below T_-

This result indicates that annealing caused the formation of
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some compound with composition close to V3Ga at the vanadium fila-
ments. This agrees with the result of x-ray diffraction analysis
made on the specimens.

Figure 22 shows the result of measured electrical resistivities
for Cu82V80a10 rods annealed at 800°C for 7.5 hours and 27 hours.
The specimen annealed for 7.5 hours and 27 hours showed almost
complete transitions at 9. 1°K and 9. 7°K, respectively. Thus, high-
temperature annealing seems to cause the specimens to superconduct
at a lower temperature.

Figure 23 shows the measured electrical resistivities for
Ciq9,.5V89%12, 5

days as well as the as-rolled specimen. It can be seen that the as-

rods annealed at 650°C for 2 days, 3 days, and 4

rolled specimen (curve A) started to superconduct at 8. OOK., which
means that some V3Ga-like compound has been formed in the process
of casting the ingot. Specimens which have been annealed were all
superconducting, with Tc of approximately 12. IOK, 12. 6°K, and

12. 40K, corresponding to the annealing times of 2 days, 3 days, and
4 days, respectively. The onset of the transitions of the annealed
specimens were all close to 14OK, which is higher than the onset tem-

perature of 12°K for the superconducting transition in the Cu_,V Gal

82 8 0

specimens.
Figure 24 shows the measured electrical resistivities for
o
i 0 . 2
Cu79.5V8Galz‘5spec1mens annealed at 800 C for 7.5 hours and 27
hours. They had complete superconducting transitions at 11. 9°K and

12. IOK, corresponding to the annealing times of 7.5 hours and 27

hours, respectively. The onsets of the transitions were close to
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13. 0°K. Apgain, the results show that high-temperature annealing
tends to lower the Tc'

The fact that Cu79. 5V8Ga12. 5 specimens have higher Tc than

82V8G3'10 specimens tends to indicate that alloys with higher

Ga content cause the formation of a compound closer to the stoichio-

the Cu

metric composition of V,Ga. But higher content of Ga in the alloy
tends to make the matrix containing Cu-Ga solid solution brittle,
and thus difficult to process.

2.3 Alloys Containing 10 at. % Vanadium. The neces sity

for the Ga concentration to be above a certain limit in order to ob-
tain higher TC is better demonstrated in alloys containing 10 at. % of
vanadium. Figure 25 shows the measured electrical resistivities
for Cu85V100a5 rods which have been annealed at 650°C for 2 days
and 4 days, respectively, as well as the as-rolled one. It can be
seen that the as-rolled specimen was not superconducting above
4.2°K, but the annealed ones had complete superconducting transi-
tions at 5.5°K and 6°K after being annealed for 2 days and 4 days,
respectively. Annealing at 800°C did not cause the specimens of
this composition to show any superconducting transition.

As expected, increasing the Ga content caused TC to go up.
Figure 26 shows the measured electrical resistivities for
C3L182\/10C5a8 rods which have been annealed at 650°C for various
lengths of time up to 4 days. The as-rolled specimen was again non-
superconducting above 4. ZOK, but the annealed specimens had com-

plete superconducting transitions at 7. 4°K (5 hours annealing time),

8.3°K (12 hours annealing), 8. 798 {1 day annealing), 8. 8°K (52
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hours annealing), and 9. 0°K (4 days annealing). Figure 27 shows the
measured electrical resistivities for Cu82V10Ga8 rods annealed at
800°C for 6 hours, 25 hours, and 2 days. They all have complete
transitions at 7. 3°K (6 hours annealing), 7. 7°K (25 hours annealing),
and 6. 7°K (2 days annealing).

As the Ga concentration was raised above 10 at. %, Tc was
pushed above 10°K. Figure 28 shows the measured electrical re-
sistivities for CuSOVIOGaIO rods annealed at 650°C for various
lengths of time. The as-rolled specimen was not superconducting
above 4.2°K, but the annealed ones had complete transitions at
10. 6°K (12 hours annealing), 10. 9°K (24 hours annealing), 11. 0°K
(49 hours annealing), and 11. 2°K (4 days annealing). Figure 29
shows the measured resistivities for Cu, .V OGa

80 1 10

have been drawn into 0.4 mm wires and annealed at 650°C for vari-

specimens which

ous lengths of time. The as-drawn wire specimen was supercon-
ducting below 4. SOK, in contrast to the as-rolled specimen in rod
form. The annealed specimens were all superconducting below
about 10. 50K, which is comparable to that of rod specimens an-
nealed at the same temperature.

Figure 30 shows the measured electrical resistivities for
Cu80vloGa10 specimens annealed at 800°C for various lengths of
time. They all have complete transitions at temperatures close to
9. 7°K.

Alloys with higher Ga concentrations were studied. The
composition was Cu v Galz- 5 - As expected from the results

77.5 10

on alloys with 8 at. % vanadium, these specimens had higher TC
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than other specimens with the same V concentration described above.
Figure 31 shows the measured electrical resistivities for

Cu VIOGa rods annealed at 650°C for various lengths of time.

T77.5 12,5
The as-rolled specimen had a transition whose onset is about 9. OOK,
but is not complete down to 4. 2°K. The annealed specimens had com-
plete transitions at 12. 4°K (1 day annealing), 13.0°K (55 hours an-
nealing), and 12. 8°K (4 days annealing).

Figure 32 shows the measured electrical resistivities for
Cu,.”_ 5V10Ga12. 5 rods annealed at 800°C for 6 hours and 1 day. They
have complete transitions at 12. 1°K (6 hours annealing) and 7. 8°K
(1 day annealing). Thus, it seems that prolonged annealing at high
temperature tends to decrease the Tc .

Alloys with Ga concentrations higher than 13 at. 4% have been
tried, but were found to be brittle, as mentioned before. Specimens
in sheet form generally have the same ’I‘c as specimens with the same

composition but in rod or wire forms.

2.4 Alloys Containing 15 at. $and 20 at. % Vanadium. Fig-

ure 33 shows the measured electrical resistivities for Cu75V150a10
rods annealed at 650°C or 800°C. The as-rolled specimen was not
superconducting, but the annealed ones have complete transitions be-
tween 10. 6°K and 12. OOK, depending on the annealing time and tem-
perature. The specimens annealed at 800°C had lower Tc than those
annealed at 650°C.

Figure 34 shows the electrical resistivities for Cu70VZOGa10

rods annealed at 650°C. The annealed specimens have complete

transitions at 11. 8°K (1 day annealing), 12. 0°K (2 days annealing),
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and 12.5°K (4 days annealing). There are significant variations of
residual resistivities (the electrical resistivity above Tc ), probably
due to the fact that the rolled rod was not homogeneous and thus the
actual composition of each specimen varies.

Figure 35 shows the electrical resistivities for Cu70V20Ga10
rods annealed at 800°C. The TC for the annealed specimens are close
to 11, 30K, but again, the properties vary from specimen to specimen

due to the inhomogeneity in the rods.

B. X-Ray Diffraction

Since in this study, x-ray diffraction was used mainly for phase
identification, no serious attempt was made to make accurate deter-
mination of lattice constants. Moreover, since most specimens have
been subjected to severe cold work in the rolling process, the x-ray
diffraction lines were not sharp enough for accurate calculation of lat-
tice constants. In general, an accuracy of ~0. 01 Ao can be obtained in
the calculations. More emphasis has been put on Cu-V-Ga alloys.

1. Cu-V-Si Alloys. In general, more than 8 x-ray diffraction

lines coinciding with the diffraction pattern of V3Si have been identified
in every specimen studied even before heat treatment. A number of
lines matching with the diffraction pattern of V or Si can be found in
general, depending on the specimen. As expected, the lines matching
with that of Cu were dominant in intensity.

Table 3 summarizes the x-ray diffraction analysis for some of
the Cu-V-Si alloys studied. In the table, the number of lines belong-
ing to V3Si, V, and Si patterns is indicated. The last two columns

a and a " stand for the lattice constants of the V3Si phase and

V3S1 G
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Cu phase in the alloy obtained by extrapolating the lattice constant de-
rived from each line against the Nelson-Riley function. The lattice
constants of V3Si and Cu are 4.721 A and 3. 6150 .2, respectivelyl4'16.
From the results listed in Table 3, we can see that the com-
pound V3Si has been formed during the melting process. Some free V

or Si can be found in some alloys.

2. Cu-V-GaAlloys. X-ray diffraction analysis has been

made on specimens containing more than 10 at. % vanadium. In con-
trast to the results for Cu-V-Si specimens, the as-rolled Cu-V-Ga
specimens have no lines corresponding to V3Ga phase in their diffrac-
tion pattern in general. But after annealing, lines with positions
matching those of VBGa began to show up. In general, a few lines
corresponding to vanadium are present in each specimen.

Table 4 summarizes the result of x-ray diffraction analysis of
Cu-V-Ga alloys. The meanings of each column are similar to those
in Table 3. The lattice parameters of the vanadium phase determined
from films containing less than 4 vanadium lines are somewhat inac-
curate. Also shown in the table are the conditions of heat treatment
applied to the specimens before x-ray diffraction was taken.

From Table 4, we can see that V3Ga phase has been formed
in the process of annealing. The existence of vanadium lines indi-
cates that the filaments might contain a vanadium core which has not
reacted with gallium diffused from the matrix containing a solid so-
lution of Cu and Ga. No lines corresponding to Ga have been identi-
fied, meaning that all the Ga in the alloy appears in the Cu-Ga solid

solution and V-Ga solid solution before or after heat treatment.
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C. Metallographic Studies

Cu-V-5Si alloys have been studied by optical metallography
only. Cu-V-Ga alloys have been studied more thoroughly; both optical
metallography and scanning electronmicroscopy studies have been
made on them. Some specimens have been examined with EDAX for
the process of identifying their microstructure. Electron microprobe
has also been used to study the distribution of various elements in
some specimens.

1. Cu-V-5i Alloys. Figure 36 is the optical micrograph of

the as-cast Cu95V3. 75Si1. 25 specimen. The dendrites which precipi-
tate out of the matrix are believed to be mostly V3Si formed in the
melting process. Their average dimension is about 15 uym. They
were formed when the ingot was cooled from the melt on the silver
boat.

Figure 37 shows the optical micrograph of the as-rolled
Cu95V3_ 755i1_ 25 specimen in rod form. It can be seen that as the
result of rolling, the dendrites were crushed and dispersed in the
rolling direction. No continuous filament was formed in the rolled
rod, in contrast to the Cu-V-Ga specimens in which relatively con-
tinuous filaments were formed as the result of rolling the ingot.

Figure 38 is the optical micrograph of the as-cast

S Al1 5 alloy. The dendritic structure is more

Cug3,5V3.75%'1. 25
pronounced in this alloy than that in the as-cast Cu95V3‘ TSSil. 25

alloy.
Figure 39 is the optical micrograph of the as-rolled

Sil Al specimen. Its microstructure is similar

Cugy 5V3, 759,251, 5
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Figure 36. Photomicrograph of an as-cast Cu,.(V_,Si). specimen
(750 X ). 95" " 375
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. .i.. R R 2% )

-rolled Cugs(V3Si)5 specimen

Photomicrograph of an as

(750 X ).

Figure 37.
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Figure 38. Photomicrograph of an as-cast Cu93 5(V351)5A11
specimen (750 X ). ' '

5
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to that of the as-rolled Cu Sil 25 specimen. No continuous

9573. 75
filament was formed as the result of rolling.

Metallographic studies made on specimens containing more V
and Si have been made, and they were found to have similar micro-
structures. Thus, we can conclude that although V3Si has been
formed in the as-cast Cu-V-5Sispecimens, we cannot obtain continuous
filaments by means of rolling the as-cast ingots into rods. This is
due to the brittleness of the V3Si dendrites formed in the matrix, and

these dendrites are crushed into small particles during rolling.

2. Cu-V-Ga Alloys. Most of the effort was spent on alloys

containing more than 10 at. $vanadium, since it was felt that they
carry more current and thus are more important than alloys of other
compositions.

Figure 40 is the optical micrograph for the as-cast
CquVIOGaIO specimen. The dendritic precipitates are composed
mostly of vanadium, as can be identified with either the EDAX facility
on the scanning electron microscope or by conventional x-ray diffrac-
tion studies. The average size of the dendrites is about 40 ym. The
dendritic structure is similar to that in Cu-V-5Si alloys.

Figure 41 is the optical micrograph of a Cu80V10Ga10 rod an-
nealed at 650°C for 2 days. It can be seen that the dendrites which
were present in the as-cast specimen were ductile enough to be elon-
gated into filaments in the rolling direction as the result of rolling the
as-cast ingot into a rod. The cross-section reduction ratio obtained

by the rolling process was about 50. The diameter of the filaments is

about 3 um. The filaments appear to be relatively continuous. This
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Figure 40, Photomicrograph of an as-cast Cu,,V,,Ga,, specimen
(750 X ) 80107710
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Figure 41. Photom1crograph of a Cu OV Ga rod, heat treated
at 650°C for 2 days (750 R0).
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agrees with the results of the electrical resistivity measurements in
which sharp superconducting transitions were observed.

Figure 42 is a scanning electronmicrograph of the as-cast
cuBOVIOGaIO specimen. EDAX was made on various parts of the
specimen, and the dendrites were found to be mostly vanadium. The
distribution of Ga in the specimen was difficult to determine even with
the EDAX facility, since the secondary emission x-ray spectrum of
Ga has peaks close to those of Cu, which is the dominant phase in the
specimen. Furthermore, an accelerating voltage of 10 kV had to be
used to examine the Ga distribution via the EDAX facility, but then
the electron beam would penetrate to a depth of a few um beneath the
specimen surface, which is the typical dimension of the dendrites
or filaments. Thus, the observed secondary emission spectrum may
arise partly from the matrix under the structure to be studied. This
fact further increased the difficulty in the determination of the Ga dis -
tribution with the EDAX facility; but the result of the microprobe anal-
ysis indicates that the Ga contained in the specimen appears to be uni-
formly distributed throughout the specimen. Figure 43 is the enlarged
view of one of the dendrites obtained with the scanning electron micro-
scope.

Figure 44 is a scanning electronmicrograph of a CuBOVlOGaIO
rod which has been annealed at 650°C for 2 days. The excellent con-
trast of the scanning electronmicrograph more clearly reveals the
filamentary structure in the specimen. When attempts were made to
follow the propagation of a group of filaments along the rolling direc-

tion, it was found that instead of abruptly terminating, the filaments
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Figure 42. Scanning electron micrograph of an as-cast Cu V..Ga
: : 80 1010
specimen (970 X ).
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Figure 43. Scanning electron micrograph of an as-cast Cu OVIOGa
: . . .10
specimen, showing an enlarged view of a va.nad&1uxn-r1c}1
dendrite (4800 X ).
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Scanning electron micrograph of a CuBOVIOGaIO rod

heat treated at 650°C for 2 days (2050 X ).

Figure 44.
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tended to terminate at locations where some globular structure is
present. The typical size of these globules is about 10 ym in diame-
ter, and sometimes they are ellipsoidal. Figure 45 is the scanning
electronmicrograph of the as-rolled cuSOVIOGaIO specimen in which
one of the globules can be seen. Some of the filaments are bent and
bypass the globule while remaining continuous, but some are termi-
nated at the globule itself. EDAX analysis indicates that these glob-
ules contain mostly vanadium. The actual determination of the com-
positions of the globules is quite difficult, but it is believed that they
are compounds of V-Ga formed in the process of melting the ingot.
These globules, which are not deformed during rolling, have a dis-
tinctive hardness when compared with the matrix or the V-Ga solid
solution, which is quite soft and is elongated easily by rolling.

Figure 46 is a scanning electronmicrograph of the CuSOVlOGaIO
rod showing the enlarged view of a typical globule. It can be seen that
its surface consists of a shell of a few um in thickness, which has a
different texture from its center part.

Figure 47 is a scanning electronmicrograph of the CU‘SOVIOGalO
specimen in the form of wires of about 0. 4 mm in diameter. Since the
cross-section reduction ratio obtained by the drawing process for this
wire is about 300, it is expected that the filaments in the wire would
appear to be more continuous than those in the rod specimen, for
which the cross-section reduction ratio is only about 50. This can be
seen clearly from the micrograph. Typical diameter of the filaments

is about 2 ym, which is also smaller than the filaments in the rod

specimens.



ey Lo L

» »-u N fi..l...il‘.ilal.

.‘-.‘.‘(ﬂ&l”-‘m} ‘P-fll \Jtl\

e — ey o

b..-;l.. .)...\ -

....ILII.UﬂI’ e
e e :

f“.‘l) e L] i

Y ey A TTR g
P g T W s v,y g

o Tod, showing one of the vanadium-rich

1

Ga
globules (1050 X).

Scanning electron micrograph of an as-rolled
80" 10

Cu

Figure 45.



_78-

rod
arged

ol

showing an e

heat treated at 650°C for 2 days,

Scanning electron micrograph of a CuggV10Ga
view of a globule (2050 X).

Figure 46.
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Scanning electron micrograph of an as -drawn 0. 4 mm

i X
cuBOVIOGaIO wire (2350 X).

Figure 47.
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Attempts to follow the propagation of these filaments were also
made, and the filamentary structure was found to be similar to that in
the rod specimen. There are also vanadium-rich globules present in
the wire specimens, and groups of filaments also tend to terminate at
these globules. Figure 48 is a scanning electronmicrograph for the
same wire specimen showing one of the globules, and the way fila-
ments either terminate at or bend and bypass it.

Besides the large number of filaments, there are sometimes
vanadium domains much larger in size present in the specimens.
These domains are believed to arise from the fact that vanadium has

a low solubility in Cu , 15,20, 21

and thus, in the process of melting
the ingot, some vanadium may segregate into relatively large do-
mains and remain so after the ingot has cooled down. After rolling,
these domains were also elongated in the rolling direction and pro-
duced filaments of diameter much larger than those discussed pre-

viously. Figure 49 is an optical micrograph of the Cu,,V OGa wire

80 1 10
specimen (0. 4 mm in diameter) in which one of the large vanadium
filaments can be seen. The diameter of the filament is about 40 ym,
and it extends a very long distance, nearly the entire length of the
specimen which is about 2 cm.

Microstructures of specimens with different compositions
have also been made. Figure 50 is a scanning electronmicrograph
of the as-cast Cu77_ SVIOGaIZ. 5 specimen, showing dendritic struc-

tures similar to those in the CuSOVloGalo specimens. Figure 51 is

a scanning electronmicrograph of the Cu N OGa specimen

40=5" 1 12,5

which was annealed at 650°C for 2 days. The filamentary structure
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Figure 48. Scanning electron micrograph of an as-drawn 0.4 mm

CuSOVIOGa]O wire, showing a globule (2350 X ).
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drawn 0.4 mm Cu80leGa10

rich domain (750 X ).

Photomicrograph of an as-
wire, showing a vanadium

Figure 49.
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Figure 50. Scanning electron micrograph of an as-cast
Cu_?7 SVIOGaIZ 5 specimen (950 X ),
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V. .Ga
Todo 10, 125

Scanning electron micrograph of a Cu
rod, heat treated at 650°C for 2 days

Figure 51.
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is also similar to that in the CugOVIOGaIO specimens; but microprobe
analysis made on Cu77_ SVIOGaIZ. 5 rods indicates that there have been
variations in the Ga distribution before and after the annealing. In the
as-rolled specimen, the Ga contained in the alloy appears to be uni-
formly distributed, whereas in the rod specimen which has been an-
nealed at 650°C for 2 days, the Ga concentration at the location of the
filaments appears to be higher, meaning that annealing caused some
Ga to be extracted from the Cu-Ga matrix and diffused into the fila-
ments, where it reacts with the vanadium to form V3Ga. No quantita-
tive analysis of the exact Ga distribution has been made, but presum-
ably, with the electron microprobe this could be done.

Figure 52 is a scanning electronmicrograph of a Cu75V15Ga10
sheet which has been annealed at 650°C for 4 days. It can be seen that
although the vanadium content in the specimen is high, there is no im-
provement on the continuity of the filaments. The filaments are rela-
tively shorter than those in the specimens described previously. This
may be due to the fact that the distribution of Ga among the Cu and V
phases is that the V phase has higher hardness than the Cu phase;
thus, the V dendrites are not elongated as the result of rolling.

Figure 53 is a scanning electronmicrograph of a sheet
Cu70V20G310 specimen which has been annealed at 650°C for 4 days.
The filaments are more continuous than those in 6“75V156310 speci-
mens. Generally speaking, there are more globules and shorter fila-
ments present in those specimens containing more than 10 at. % V than

in specimens such as CuBOVIOGalo' This is in agreement with the re-

sults of critical current measurements which will be discussed later.
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CuqygV15Ga)g sheet,heat treated at 650 for 4 days

Scanning electron micrograph of a 0.25 mm
(600 X).

Figure 52.
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heat treated at 650°C for 4 days

Scanning electron micrograph of a 0.25 mm

CuqoV2 OGa1 0 sheet,

(1130 X%).

Figure 53.
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D. Critical Current Density Measurements

The critical current densities of Cu-V-Ga specimens have been
extensively studied. The critical current densities of Cu-V-Si speci-
mens have not been measured; but some test for critical field was
made, and it was found that the rod specimen Cu80(V3Si)20, which was
annealed at 900°C for 1 day and has the highest TC for complete tran-
sition among all Cu-V-5i specimens studied, has a critical field ex-
ceeding 55 kG.

1. Critical Current Densities at Zero Field and Liquid Helium

Temperature. The composition which has been studied most thorough-

ly is Cu80V GalO’

composition tend to have higher critical current densities than speci-

as early results indicated that specimens of this

mens of other compositions. Furthermore, it was found during the
fabrication process that specimens of this composition had higher duc-
tility, and thus seemed to be more promising for obtaining fine wires.

Critical current densities of specimens with other compositions have

also been measured. Compositions such as Cu77 5V10Ga12_ 5
75V15Ga , and Cu7OV20Ga 0 have also been studied quite exten-
sively.

Measurements have been made on specimens of various forms.
These include wires, sheets, and rods. Since it is believed that the
higher the degree of deformation applied to the specimen in the rolling
or drawing process (meaning a larger reduction in cross section), the
more the vanadium filaments are elongated; and thus, as a whole, the
more continuous these filaments appear to be. As a consequence, the

specimen is expected to be able to carry more super-current. Among



-89-
the three forms, wire specimens have the highest cross-section re-
duction ratio, which is about 300 for 0.4 mm wires, and 900 for 0, 13
mm wires; thus, they are expected to have the best characteristic
as far as current-carrying capacity is concerned. Next come the
sheet specimens (cross-section reduction ratio about 100), and the
rod specimens (cross-section reduction ratio about 50).

Table 5 lists some of the results of the critical cur-
rent density J'C measurements made at 4. 2°K and zero transverse
magnetic field for some of the Cu80V10Galo specimens. Also shown
on the table are the form of the specimens, the annealing time,
and annealing temperature at which the specimens have been heat
treated prior to the measurements. The annealing temperature which
has been used mostly in the heat treatment was 650°C. High-tempera-
ture annezling for prolonged periods of time was not applied, since it
is believed that such heat treatment will reduce the current-carrying
capacity . On the other hand, annealing at a temperature which is
too low may reduce the reaction rate for the formation of V3Ga. Thus,
the three temperatures 600°C, 650°C, and 800°C were chosen. Only
relatively short annealing time has been used for 800°C annealing.

It can be seen from Table 5 that one of the 0. 4 mm wire speci-
mens which has been annealed at 600°C for 2 days already has a criti-
cal current density as high as 8. 18 X 10> A/cmz. Annealing at 650°C
for 4 days did not improve the critical current density. The same
wire specimens annealed at 650°C for 1 day did not produce very high
critical current density either. Also, as can be seen from Table 5,

the variation in the magnitude of the critical current densities between
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TABLE 5. Critical Current Densities Measured at 4. ZOK and Zero

Transverse Magnetic Field for Some of the CusovloGalo Specimens.

Specimen Cross- Annealing Annealing J
Form Section Tempera- Time ©
Reduction ture (°C) (hours) (103 A/cmz)
Ratio
rod 50 600 96 4.93
wire, 0.4 mm 300 600 48 3. 77
L 300 600 48 3,53
1 300 600 48 8.18
i 300 600 48 4. 09
wire, 0.4 mm 300 600 96 O
! 300 600 96 3. 10
! 300 600 96 3.35
1 300 600 96 3.10
rod 50 650 24 2. 15
wire, 0.4 mm 300 650 24 5. 89
il 300 650 24 3.58
" 300 650 24 7.05
Ji 300 600 24 3.51
sheet 100 650 24 1.0
1 100 650 24 8. 37
g 100 650 24 2.67
" 100 650 24 1. 20
£ 100 650 24 2.53
0 100 650 24 1.61
L 100 650 24 1.73
sheet 100 650 48 2. 92
1 100 650 48 5. 12
K 100 650 48 10. 23
Bl 100 650 48 1. 03
wire, 0.4 mm 300 650 48 3.09
iy 300 650 48 2,75
i 300 650 48 7.49
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TABLE 5. (Continued)

Specimen Cross- Annealing Annealing J
Form Section Tempera- Time “
Reduction ture (°C) (hours) (103A/cnfh
Ratio
wire, 0.4mm 300 650 48 2.07
b 300 650 48 6.20
" 300 650 48 13. 80
wire, 0.13 mm 900 650 48 9. 69
At 900 650 48 13. 00
i 900 650 48 13. 80
L 900 650 48 8.78
el 900 650 48 16. 90
i 900 650 48 5.13
! 900 650 48 0 B |
" 900 650 48 1. 44
sheet 100 650 926 1518
wire, 0.4 mm 300 650 926 5 68
at 300 650 96 3. 79
1 300 650 926 4,91
" 300 650 96 >28.5
L 300 650 26 >24. 6
wire, 0.13 mm 900 650 96 4,30
A 900 650 96 3.15

H 900 650 96 5.22
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different sheet specimens annealed at 650°C for 1 day can be as high
as one order of magnitude.

From Table 5 it can be seen that as the annealing time has
been increased to 2 days at 6500(3, the critical current densities in-
creased generally. Values exceeding 104 A/cmz can be obtained in
many specimens. As expected, the 0. 13 mm wire specimens pro-
duced higher values of JC as a whole, which is in agreement with the
reasoning that a high cross-section reduction ratio yields thinner but
more continuous groups of filaments, and thus can produce specimens
with higher critical current densities.

After the annealing time has been increased to 4 days at 650°C,
the 0. 4 mm wire specimens gave rise to much higher critical current
densities than the 0. 13 mm wire specimens. As can be seen in Table
5, JC for 0.4 mm wires annealed at 650°C for 4 days can be as high as
2.9 x 104 A/crnz, which is about the highest value ever obtained on
Cu-V-Ga specimens so far. Possibly, this may be due to the fact that
prolonged annealing caused Cu to diffuse into the very thin V3Ga fila-
ments (about 1 ym in diameter) in the 0. 13 mm wire specimens and
thus caused deterioration in its superconducting properties. On the
other hand, vanadium filaments in the 0. 4 mm wire specimens are
larger in size, and it takes some extra time for the reaction of V3Ga
formation to be optimized.

Table 6 lists some of the results of the critical current
density measurements made at 4. 2°K and zero transverse magnetic
field for specimens of compositions other than CuSOVIOGaIO‘ It can

be seen from these two tables that the critical current densities for
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these specimens are generally not as high as those for the CuSOVIOGaIO
wire specimens. Except for occasional specimens, the critical cur-
rent densities seldom exceeded 5.0 X 10° A/cmz. It is believed that
the change in the filamentary structure in these specimens discussed
in Section C of this chapter may explain this result.

It can be noted from the results listed in Tables 5 and 6 that
the specimen quality is not uniform as far as critical current density
is concerned. Specimens taken from different sections of the same
wire or sheet sometimes gave critical current densities differing by
as high as a factor of 10. This may be due to the fact that in the proc-
ess of melting the ingots and cooling them down, it is very difficult to
achieve a uniform distribution in the local vanadium content in differ -
ent regions of the ingot. Thus, after the rolling, different segments
of the wire or sheet specimen may contain a different number of fila-
ments. It is also hard to guarantee that the filamentary structure at
different segments of the wire or rod is uniform.

From the results listed in Tables 5 and 6, we can see that
the annealing temperature of 650°C and the annealing time of 2 to 4
days seem to be close to optimum. As expected, high-temperature
annealing caused the critical current densities to go down. The rea-
son why 650°C annealing caused the 0. 13 mm wires to have relatively
lower critical current densities than that of the 0. 4 mm wires is not
clear, but probably can be explained by the Cu-diffusion mentioned
previously.

2. Critical Current Densities at Liquid Helium Temperature

between 0 and 60 kG. Figures 54 and 55 show the measured critical




-

current densities JC as a function of transverse magnetic field be-
tween 0 and 60 kG at 4. 2°K. It can be seen that JC for all the speci-
mens decreased by about a factor of 10 when the magnetic field was
increased from 0 to about 60 kG. It can be seen from both Figure 54
and Figure 55 that the 0. 4 mm wires have better characteristics than
the specimens of other forms. The value of J'C for sheet specimens
tends to decrease faster with increasing field. One of the
Cu70V20Ga10 specimens in sheet form had a relatively high JC at
zero field, but its value decreased rapidly as the field was increased
to 60 kG. The best characteristic ever achieved was from a 0.4 mm
CuBOVloGaIO specimen which had been annealed at 650°C for 4 days.

Figures 56 and 57 show the measured voltage-current charac-
teristics at different transverse magnetic fields for two of the speci-
mens studied. The voltage can be interpreted as the potential drop

by 2325 or flux-flow resis-

created by the motion of flux vortex lines
tivity. The specimen with higher critical current density which is
shown in Figure 57 has much lower flux-flow resistivity than the

specimen shown in Figure 56.

3. Critical Current Densities as a Function of Temperature.

As mentioned previously, the critical current densities as a function
of temperature were measured by the pulsed current method. Figure
58 shows the measured critical current densities as a function of tem-
perature between 4. 2°K and 13°K at two different values of transverse
magnetic field (H = 0 kG and H = 8. 4 kG) for a sheet specimen of
annealed at 650°C for 1 day.

Cu80V Ga

107710

Figure 59 shows the measured Jc as a function of temperature
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at three different values of transverse magnetic field for a 0. 4 mm
wire of cuSOVIOGaIO which had been annealed at 600°C for 4 days.
From Figures 58 and 59 we can see a steady decrease in Jc as the
temperature or field was increased.
Figure 60 shows the results of the measured critical current
densities as a function of temperature for some of the CuBOVIOGaI

specimens. In agreement with the zero field measurements or the

0

field dependence measurements made at 4. 2°K, the best characteristic
was obtained for a 0.4 mm wire of Cu80V1oGa1o which had been an-
nealed at 600°C for 4 days. All other specimens behaved similarly.
As the temperature was increased, the critical current densities ap-
proached zero, while intersecting the JC = 0 axis at temperature co-
inciding with the TC of the specimen measured from their electrical
resistivities.

One thing should be pointed out here. For specimens showing
low flux-flow resistivities, the measured critical current densities by
the pulsed current method may be higher than those measured with the
DC current method at the same temperature. The criterion for the
critical current in the DC method was that a voltage of 1 yV was de-
Vel;)ped across the potential leads of the specimen. However, for a
low flux-flow resistivity specimen, the current required to produce a
1 uV signal may be lower than the current required to ''quench' the
specimen (i.e., to make the specimen transform into the normal

state), which is the value of the critical current obtained with the

pulsed current method.
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E. Magnetization Measurements

Magnetization measurements have been made on a limited num-
ber of specimens only. Figure 61 shows the measured negative mag-
netization -M as a function of magnetic field from -6.0 kG to 6. 0 kG.
The measurement started at zero field, with field increasing in the
positive direction until point A on Figure 61 was reached, where a
sharp bending of the curve was observed corresponding to the H.::1 of
the specimen. As the magnetic field was further increased, the nega-
tive magnetization decreased steadily, showing the typical behavior of

a type II superconductOrls 22,23

, until point B was reached corre-
sponding to the maximum available field with the Varian 6-inch magnet.
As the field was decreased from point B, the negative magnetization
changed sign and decreased rapidly, then followed a curve which looked
like the mirror image of the curve AB until point C was reached;
from here on, thenegative magnetization started to return to the ori-
zin. When the field was increased in the reversed direction, the nega-
tive magnetization decreased steadily to point D, where the Hcl tran-
sition was again observed. The rest of the curve is similar to the
inversion with respect to the origin of the part with field greater than
zero.

The Faraday magnetometer may not be the ideal instrument for
measuring the magnetization of the specimens studied in this work.
As a result, the sections of the curve from C to D and from E to A
are probably not reliable. This is because the electrobalance can only

measure finite force, while the force acting on a specimen of volume

2
V and magnetic susceptibility ¥ is



‘sAep 7z 103 Uoomc je
pojeaa 3 jeay ‘399ys oﬁwDoH>ow50 wur g7 ‘0 ® I0J PIeTJ JO uomdouUNy ® Se uotjeZIjouUde N ‘19 @andtg

(9%) 41314 JILINOVIN _

0'9 0t 02 0 02- O't- 09- o _
T T T T T T T
i) P
- — ON-
1
o Z
0 -
= )
] . w
b= 00 &
@
g
-
- 02-20,089 oz
1 | | Vi3 L ] k




-108-

F = xVH(dH/dx) , (1)

where H is the magnetic field produced by the magnet, and (dH/dx)
the gradient of H along the direction in which the force is measured.
Since M = ¥H , we can see that the measured M is proportional to
(dH/dx) , which goes to zero as H is decreased to zero. Thus, for
zero applied magnetic field, the measured M is always zero, regard-
less of the real magnetization of the specimen. A more realistic pic-
ture can be obtained by joining points C - D and points E - A together;
this type of behavior is to be expected for a type II superconductor with

1,23,24

strong flux vortex pinning , in which category the Cu, V. Ga

80 107710
specimens should belong.
A more revealing technique for measuring the magnetization

for such materials is the integrating method27’ &8, 41

, in which the
output of a search coil containing the specimen is compared with the
output of a matching empty coil, with both coils in the same magnetic
field. The difference in the two signals is integrated with respect to
time, resulting in a signal proportional to the magnetization in the

specimen. No magnetization measurement has been made with the in-

tegrating method yet, but will be carried out in the near future.
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IV. DISCUSSION

A. The Cu-V-Si Alloys

1. Phases present in the alloys. Before discussing the results

of the present investigation, a brief review of the phase relationships
in Cu-V-Si alloys is in order. The ternary phase diagram is, unfor-
tunately, not known, but the three binaries V-Cu, Cu-Si, and V-Si
have been investigated. These are reproduced in Figures 62, 63, and
64, respectively. Since Cu is the main constituent of the alloys studied,
the important factors are the solubilities of Si and V in Cu, and then the
possible formation of the superconducting phase V3Si. The solubility
of Si in Cu is relatively high (10 at. % at 600°C), but that of V is rather
low (below 0.5 at. % at 900°C). After melting, it is therefore logical to
expect that the Si will be in solid solution, but, at least in alloys con-
taining V, the V will be present as a second phase. From the results
described in Chapter III, it is also found that a certain amount of the

V,Si phase exists after melting.

3
As mentioned in Chapter III, although there are evidences that

V3Si has been formed in the process of casting the Cu-V-Si ingots,
complete superconducting transitions have been observed for a limited
number of specimens only. This can be explained by the results ob-
tained from microstructure studies made on some of the specimens
(Figures 37 and 39), which show clearly that no continuous filaments
have been formed as the result of rolling the ingots into rods. Thus,
although there is a superconducting phase with high transition tempera-

ture in the specimen, the superconducting phase exists either in the

form of dendritic particles about 20 um in size for the as-cast speci-
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mens, or in the form of crushed particles about 2 to 5 Um in size for
the rolled specimens.
In general, these superconducting particles are separated from
each other by a distance of at least 1 um; thus, no direct supercon-
ducting path can be established via these particles. Their distances

2,32

N F.A
from each other are even too large for a proximity effect to take

place, which requires a characteristic '"tunneling'' distance of32

1
= (h 2
€N ( VNLN/f)TTkBT) (2)
for a dirty superconductor-normal metal interface. In (2), VN is the
Fermi velocity, 4.. the electronic mean free path, and k_ is the

N B

Boltzmann constant. The estimated gN for the present system is
about 103 jc\) , which is much smaller than the inter-particle distance
observed for most specimens. Only under certain conditions in which
microparticles are present in the specimen in between the larger par-
ticles can the specimen exhibit complete superconducting transitions
via the action of the proximity effect. This explains why most electri-
cal resistivity measurements made on Cu-V-Si specimens showed
broad superconducting transitions with onset temperatures of about
170K, and broad tails extending all the way down to 4. 2°K (Figures 7
through 20). Some of the specimens may be superconducting above
4.2°K due to the proximity effect, but the mechanism causing the

G (V3Si)20 rod, which has been annealed at 900°C for 1 day and

80
was the specimen with the best characteristics among all Cu-V-Si
specimens studied, to have complete superconducting transitions at

about 11°K is probably due to the formation of continuous supercon-

ducting paths. This will be discussed in the next paragraph.
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2. Superconducting transitions in Cu80(_\_f35_i_)20 specimens.

As mentioned in Chapter III, measurements for critical field were
made on a CU’SO(V3Si)20 specimen annealed at 9OOOC for 1 day. It
was found that the specimen was superconducting up to a transverse
field of 55 kG. Since the tunneling of Cooper pairs which gives rise
to the proximity effect is quenched easily by applied magnetic

field32" 45

, it is believed that the complete superconducting transition
is caused by the existence of continuous superconducting paths.

Since there is 15 at. % of vanadium and 5 at. % of silicon present in the
alloy, the situation shown in Figures 37 and 39 in which only crushed
V3Si particles are present in the rolled specimens may be improved
to such an extent that continuous superconducting paths can be es-
tablished in the rolled CuSO(V3Si)20 specimens if a suitable heat
treatment is applied. Another possibility is that there may be large
vanadium domains in these high V3Si-content alloys, and as a result
of rolling these domains elongated into large filaments which, after
suitable heat treatment, reacted with the silicon present in the speci-
men to form a large VBSi filament. In fact, during the specimen
preparation for the measurement of their electrical resistivities,
after part of the specimens were etched away by the nitric acid, some
filaments of this sort were indeed observed.

3. Optimum conditions for heat treatment. Figure 62 is the

binary phase diagram for the V-Cu system. It can be seen that the
solubility of V in Cu is negligible at room temperature at the Cu-rich

side. Even at temperatures as high as C)OOOC, the solubility of V in

¢ 4. 15,20,21

Cu is still below 0.5 a There are no intermetallic
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phases in the V-Cu binary system. On the other hand, the solubility
of Cu in V at the V-rich side is about 7 at. % at 6OOOC, and varies
only slightly with the change in temperature. Figure 63 is the bi-
nary phase diagram for the Cu-Si system. Although there are a
number of equilibrium phases present in between the composition
range of 10 at. % Si to 25 at. $Si, we can neglect this complex region
in the phase diagram, since the maximum Si content in the Cu-V -Si
alloys studied was only 7.5 at. 4. From the Cu-Si phase diagram,
we can see that only the @ phase is likely to exist in all the alloys
studied.

Figure 64 is the binary phase diagram for the V-Si system.
There are several intermediate phases, namely, VSSi, VSSiB’ and
VSiZ . Since the maximum relative atomic per cent ratio of Sito V
in all Cu-V-Si alloys studied was 1 to 1, only the first two interme-
diate compounds are likely to be present in the alloys. VSSi has the
A-15 ('"B-W") structure with lattice parameter 4. 721 = 0. 003 .g. The
compound V_Si, has the hexagonal MnSSiB(DS) type structure, with

53
15, 20,21

o o
A=T.13A, C=4.84 A, C/A=0,678. The phase V_Si, is

53

not superconducting down to 0. 35°K. #2

Based on the information obtained from the relevant binary
phase diagrams, we can reasonably assume that there are three
phases in the alloy system in the composition range covered by the
present study. The normal metal matrix consists of a solid solution of
Si in Cu, and the superconducting phase consists of a solid solution
of 8i in V, and also V,Si. The results of x-ray diffraction analysis

3
indicate that V3Si is the dominant superconducting phase. The
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presence of Si lines in the diffraction patterns of some specimens
might be fictitious, since all those lines were extremely weak in in-
tensity and might have arisen from the cameras or erroneous film
reading.

In the process of melting,the ingots were heated up to above
2000°C. It is believed that before the ingots were cooled down to
room temperature, a significant portion of V in the alloy reacted with
Si and formed V3Si. This is a reasonable conjecture based on the
V -Si binary phase diagram, and is also supported by results of x-ray
diffraction analysis. As explained earlier in Chapter III, after the
rolling process, the V3Si which existed in the as-cast ingot in the
form of dendritic particles (Figures 37 and 39) were crushed and dis-
persed along the rolling direction. The question of how to achieve the
best characteristics is equivalent to the question of how to heat treat

the specimen so as to form as much V3Si as possible.

(o]

(

In previous studies on fabricating V3Si-Cu composites made by
K. Tachikawa, et al., it was found that VBSi tends to form only by
high temperature annealingé. In their study, the composite was made
by rolling the composite rod consisting of a vanadium core and a Cu-
Si alloy outer tube, followed by subsequent annealing. Their result
indicated that the phase V55i3 was formed dominantly even with high

temperature (9500(3) heat treatment, and that V,Si was hardly formed

3
by treatments below 700°C. In a similar study on fabricating multi-
filamentary V3Si-Cu wires made by M. Suenaga and W. Sampson, it

was also found that in order to get specimens with high T., high an-

nealing temperature (850°C and above) and long annealing time (300



=117~
; 8
hours) were required .

Similar conclusions have been arrived at from the results ob-
tained from the present study. Of course, the specimens have to con-
tain enough amounts of both V and Si to start with. In all specimens
containing more than 15 at. % of V‘BSi studied, 9000C was found to be
the best annealing temperature. As mentioned before, specimens

containing 20 at. %of V,Si produced the best characteristic; but it was

3
found that there is an optimum annealing time. Over-annealing caused
the superconducting properties of specimens to deteriorate. For
Cu80(V3Si)20 specimens, the annealing time of 1 day seems to be close
to optimum for the annealing temperature of 900°C. This is in con-
trast with the results discussed in refs. 6 and 8, in which the transi-
tion temperature of specimens was not decreased as a result of long
time annealing, although the critical current densities were observed
to decrease slightly as the annealing time was increased to a few
hundred hours. But this may be caused by the effect of over-grown
V3Si grain size, which affects the pinning strength of the materia.16

to the flux vortex lines. This point will be discussed later.

The reason the superconducting properties of specimens stud-
ied in this work were more sensitive to the effect of over-annealing
can probably be explained in the following way. The size of the super-
conducting phase in the specimens is of the order of a few um, which
is much smaller than the size of the vanadium layer in ref. 6 or the
size of the vanadium filaments in ref. 8. Thus, although the diffusion
rate of Cu in V is lower than that of Si in V, it is still much easier for

Cu atoms to diffuse into the superconducting phase in the specimens
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studied in this Vwork as a result of prolonged annealing, since the
equilibrium solubility of Cu in V is high at the V-rich side (Figure
62). But in refs. 6 and 8, because of the immense size of the
vanadium-rich region, the superconducting properties are determined
by the VSSi layer formed at the interior of the vanadium regions,
which is not affected by the Cu-diffusion near the surface.

B. The Cu-V-Ga Alloys

1. Phases present in the alloys. Before discussing the re-

sults of the studies made on Cu-V-Ga alloys, a brief review of the
phase relationships seems in order. The ternary phase diagram is
also not known, but the relevant binary phase diagrams for the Ga-V
and Cu-Ga systems are known and are reproduced in Figures 65 and
66, respectively. The solubility of Ga in Cu is high (20 at. % at 600°C).
The compound of interest V3Ga does not form directly from the

melt, according to Figure 65. Thus, after melting, it is expected that
most of the V will be present as a second phase. The Ga will be in
solid solution with both Cu and V,

Based on the experimental evidence discussed in Chapter III,
we can conclude that the compound V3Ga has been formed in most
Cu-V-Ga specimens which have been heat treated. In comparison to
the Cu-V-5Si alloys, there is no evidence of V3Ga formation in the
process of casting the alloy ingots except for specimens containing
more than 10 at. % of Ga. For most compositions studied, suitable
heat treatment must be applied to caus e the formation of V3Ga.

In strong contrast to the case of Cu-V-Si alloys, rolling and

drawing of Cu-V-Ga alloy ingots changed the microstructures of the
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materials so that relatively continuous filaments containing mostly
vanadium were formed in the matrix. This is believed to be due to
the fact that no brittle V-Ga compound has been formed during the
process of casting the alloy ingots; only ductile V-Ga solid solution
dendrites are formed. These dendrites can be elongated easily into
long filaments as the result of rolling. This point is vital in the suc-
cess of applying the Tsuei process to Cu-V-Ga alloys.

There are four experimental evidences indicating the forma-
tion of V_,Ga, namely: (1) X-ray diffraction analysis established the

3

diffraction pattern of V,Ga in most specimens which have been sub-

3
jected to heat treatments; but the as-rolled specimens showed no
such diffraction patterns. (2) Sharp superconducting transitions,
which are also complete, in general, have been observed from the
results of electrical resistivity measurements. The transition tem-
peratures depend on the compositions of the specimens. But for a
number of specimens containing enough V (say, 10 at. %) and Ga (say,

12.5 at. %), an onset temperature of 14°K and a complete transition

at 13°K can be reached. Since 14.8°K is the superconducting transi-

tion temperature of V3Ga obtained in most studieslg' &%y 80, 33, 38, it
is likely that the compound formed is close to the stoichiometric
composition of V3Ga. (3) Results of critical current measurements

indicate that the critical field of most specimens studied is higher
than 60 kG at 4.2°K. Of all the V-Ga intermediate compounds, only

V,Ga is known to be superconducting with high critical field. (4) Re-

3

sults of magnetization measurements also indicate that the ch of

some of the specimens are above 6 kG at 4. ZOK, which is high com-
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pared with the Hc of vanadium at 4.2°K.

2

It is generally known that the superconducting transition tem-
peratures of A-15 compounds are very sensitive to the metallurgical
state of the sample, such as the amount and nature of impurities, de-
fect concentrations, lattice imperfections, stoichiometricity, and the

18, 19. Thus, it is not surprising that the

degree of long range order
transition temperatures observed in most specimens are below that
of the perfect V3Ga phase. In fact, although it has been reported that
a TC of 16. 5°K has been found for V3Ga, L in most studies only

14. 8°K has been obtained. Also, similar reduction in Tc has been
observed in studies made by Tsuei on Cu-Nb-Sn specimens by the

3

same proce539 10, in which a T, of about 16°K was obtained from
the composite, while the T _ for Nb,Sn should be 18. 1°K. "

The reason the TC for some specimens, in particular those
containing less amounts of Ga, is lower than 13°K can be understood
as the result of the formation of V-Ga compounds with compositions
off from stoichiometricity. This explains why the Tc goes up with
increasing Ga concentration while keeping the V concentration fixed
in the alloys, since all evidence indicates that it needs high Ga con-
centration in the alloy to form V-Ga compounds close to stoichio -
metricity in these specimens.

2. The role of the Cu phase in the V3Ga formation process.

Figure 65 shows the equilibrium phase diagram for the Ga-V binary
system. It can be seen that there are several intermediate com-
pounds present in the system, namely, V3Ga, V66a5’ V6Ga7, and

: 2X . e
VzGaS; although a revised V-Ga phase diagram ! indicates that the
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compounds VGa, VzGa5 and V3Ga5, and V3Ga are present in the com-
position range of more than 50 at. %of vanadium.

Figure 66 is the phase diagram of the Cu-Ga binary system.
The structure is quite complex at compositions above 17 at. % of Ga in
Cu, but in the present study, the maximum concentration used was
12.5 at. % of Ga. Thus, only the @ phase is important for considera-
tion.

39

Early studies made by Y. Tanaka, et al. and K. Tachikawa,

et al. 5 indicate that the selective diffusion of gallium from the Cu-Ga

alloy to the vanadium phase resulted in the formation of V_,Ga in the

3
system consisting of a vanadium phase in close bonding to a Cu-Ga
solid solution. Moreover, V3Ga is the only compound formed effec-
tively, in comparison to the similar system of vanadium and Cu-Si so-
lution, in which Cu is not effective for enhancing the formation of
V., 5i.
=1
It was also found that by the diffusion between Ga and V only at

temperatures below 800°C, instead of forming V

3Ga, the compounds

formed predominantly are richer in Ga content, namely, VC’:a2 and

V,Ga,. A very small amount of V,Ga is formed by the diffusion be-

372 3
40
tween V3Ga2 and vanadium. Cu dissolves in both VGaZ and V3Ga2,
as much as 7 at. % and 4 at. % respectively. Without the presence of
Cu, only the grain boundaries of V:,’Ga.2 are effective. for the diffusion

between V and V_Ga, to proceed. But the addition of Cu changes the

3772
diffusion mode to a bulk one, and then the V3Ga can be formed easily

below 800°C. It is believed that the enhancement due to the presence

of Cu is caused by the decrease of the melting point of V3Ga2 and the
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introduction of vacancies into the V3Ga2 :

This agrees with the x-ray diffraction analysis made on the
specimens in this work, in which only V3Ga diffraction lines were
visible for most annealed specimens. Also, it clarifies the question
of why the Cu-V-Ga specimens have far better characteristics than the
Cu-V-Si specimens, because V3Ga is formed easily through the Cu
enhancement in diffusion, while V3Si is formed at a much slower

rate at the same annealing temperature.

3. Optimum composition and optimum heat treatment. The

results of superconducting transition temperature measurements made
on Cu-V-Ga specimens are summarized in Figure 67, in which the
dependence of Tc for complete transitions on the annealing time and
temperature for specimens with various compositions are shown. The
following points can be seen from Figure 67: (1) Specimens richer in
gallium tend to have higher transition temperatures than the specimens
containing the same amount of vanadium but less gallium. (2) Speci-
mens which have been annealed at 650°C generally have higher T,
than the specimens of the same compositions but annealed at 800°C.
(3) For 650°C annealing, the ’I‘C for a specimen appears to be con-
stant for the annealing time of more than two days. For 800°C an-
nealing, the TC for a specimen generally reaches a maximum as the
annealing time increases and then is decreased again when the anneal -
ing time gets too long.

The dependence of the electrical resistivities of the specimens
on their Ga concentrations can be further visualized from Figures 68

and 69. Figure 68 shows the electrical resistivities for the specimens
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containing 10 at. % of vanadium but different amounts of gallium (5, 8,
10, and 12. 5 at. %, respectively). All specimens have been annealed at
650°C for 2 days. The trend of the steady increase of Tc with increas -
ing Ga concentration can be seen clearly. Also, it can be seen that the
residual resistivities Py of the specimens increase steadily with the Ga
concentration and appear to be approaching saturation at the Ga concen-
tration of 12.5 at. % Figure 69 shows the electrical resistivities for
the same group of specimens as in Figure 68, but annealed at 800°C
for 6 hours. The transition of the specimens from non-superconducting
at 5 at. $of Ga to superconducting at 8 at. % of Ga is quite dramatic.
The same trend of increasing Tc with increasing Ga concentration can
also be seen. In comparing Figure 68 with Figure 69, we can arrive at
the conclusion that Ga tends to stay in the Cu-Ga solid solution rather
than diffusing into the V regions to form V3Ga as the annealing temper-
ature is increased. This probably explains why VBGa is not formed in
the process of casting the alloy ingots, because of the tendency for Ga
to stay in the Cu-Ga solution at high temperatures.

As mentioned previously, the TC that can be obtained in a Cu-
V-Ga alloy tends to increase with increasing Ga concentration. But
too much Ga in the alloy makes the Cu-Ga solid solution matrix brittle
and thus limits the degree of cold working that can be applied to the al-
loy, or equivalently, the degree of elongation of the vanadium filaments.

Thus, although alloys with high Ga concentration (say, 12.5 at. %)
may have higher transition temperature, their superconducting proper-
ties may not be better than alloys with the same vanadium concentration

but lower in Ga content. That is because the most important charac-
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teristic of a superconducting material, at least for the purpﬁse of the
present study, is its critical current density, while the critical current
density of a material studied in this work seems to depend strongly on
the degree of continuity of the vanadium filaments embedded in the Cu-
Ga matrix. Of course, the V concentration has to be high enough so
that enough filaments can be formed by the cold working.

This explains why the composition CuSOVlOGalo seems to yield
the best characteristics so far. Its matrix is ductile enough that it
can be drawn into wires ~ 0. 13 mm in diameter. That will yield a
cross section reduction ratio of ~ 900, with reasonably continuous fila-
mentary structure produced.

As for the conditions of optimum heat treatment, the discussion
has to be begun from the process of casting the alloy ingots. Since a
number of V-rich globules, which are believed to be some V-Ga com-
pound with high hardness formed in the melting process, have been
observed in most rod or wire specimens, it is believed that the opti-
mum procedure is to keep the temperature used in melting the various
elements as low as possible, and also to keep the heating time as short
as possible, in order to prevent the formation of any compound at high
temperatures.

After the ingots were rolled into rods or sheets or drawn into
wires, all evidences indicated that the annealing temperature of 650°C
would be close to optimum. This agrees with the findings of some
early works3-8’ 38. High temperature annealings were found to be un-
desirable for achieving high transition temperatures, and also tended

to reduce the critical current densities that can be obtained for speci-
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mens studied in this work. Earlier studies made by E. Nembach, et
17

al. and by K. Tachikawa, et al. : also indicated similar results.

The grain boundaries in V_Ga are believed to be the most important

3
flux-pinning centers, and thus the mean grain size is strongly related
to the critical current densities that can be obtained from the material.
High temperature annealing tends to result in large grain size, and is
thus unfavorable for achieving high critical current density. On the
other hand, annealing at a temperature which is too low will cause in-
sufficient formation and growth of V3Ga.

Another influencing factor against high temperature annealing

in this work is the diffusion of Cu into the V,Ga phase which has al-

ready formed, thus causing deterioration in its properties.

C. Effect of Discontinuity in the Superconducting Filaments

. ; - 42
Some questions have been raised by Tinkham ~ whether the

"
(b

rved superconductivity in the Cu-V-Ga composites studied in the

. : : : 0.
present work or in the Cu-Nb-Sn composites studied by Tsuelg’ + is

oD

largely due to a proximity effect, since it is not clear if the observed
vanishing of electrical resistances of the specimens is due to the oc-
currence of a complete superconducting state in the specimens, or
just because the current is carried by all the superconducting fila-
ments embedded in the matrix in such a way that the electrical re-
sistances of the specimens drop to a level below the sénsitivity of the
instrument used in the detection of voltage.

A simple model can be used to calculate the effective resistiv-

ity of a segment of specimen if the second case is true. Assume the
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ideal case that each filament in the specimen has a length L, diame-
ter a, and the separation between filaments is 2d. Also assume that
there are N neighbors for each filament. If the current carried by a
filament enters and leaves radially over a length L' at each end of
the filament, then the effective resistivity of a segment of wire can be
calculated in the following way. Since it is known that the problem of
electrical current flow between two parallel cylindrical perfect con-
ductors embedded in a conducting media is similar to the problem of
the calculation of the electrical capacitance between two parallel cy-
lindrical perfect conductors in a dielectric43, the resistance per unit
length R between the two conductors in the first problem can be
shown to be related to the capacitance per unit length C between the
two conductors in the second problem in the following way, if p is the

resistivity of the conducting media:

whereas it can be shown31 that

2

L . 2eesh®ti2a"-a"¥a"} , (4)

C
Assuming that all the voltage drop is due to this radial flow of the
current in the normal metal between the superconducting filaments,
then since there are N neighboring filaments acting in parallel in the
current flow, the total resistance between a filament and all its neigh-

bors is

2
R = A

p 2 2
tot I_\I(ZTI'L' -at)/a"} . (5)

) cosh_l {(2d

Thus, the effective resistivity of the specimen is
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2

4md = 2 2., 2
peff = ZTI‘pN ]-;ITL, cosh {(Zd A )/a }

2
= % idi‘, coshnl{(ZdZ_az)/aZ} . (6)

The inverse hyperbolic cosine factor is about 3. 6 if the filaments form
10 per cent of the volume of the specimen. Assume N = 6, and L' =
1/3 L, then
2
d
3.6 p — . (7)

LZ

Petf ™
If r is the cross section reduction ratio after the drawing, then
c'iz/]_.2 will be proportional to l/r3 . Thus, if r = 300 for the 0. 4mm
wire specimens, then
13

Paff™ 3.6 X p/2.7TX% 107 ~1.0% 107 (ohm-cm) (8)

if 10_6 ohm-cm is used as the resistivity p of the normal matrix.
From (8), we can see that the resistivity of the specimen can
indeed be reduced to a level below the sensitivity of standard instru-
ments (~ 10"11 ohm-cm) by the fact that the current is carried mostly
by the superconducting filaments, and only in transferring from one
filament to another does the current flow in the normal metal matrix.
A measurement was made using a superconducting voltmeter
to measure the resistivity of Cu-Nb-Sn wires fabricated by Tsuei with
the same kind of process, and it was found that the resistivity of the
wire is below 3 X 10_17 ohm-cm. S Since the Cu-V-Ga wires are be-
lieved to have very similar properties to the Cu-Nb-Sn wires, we ex-
pect that the resistivity of the Cu-V-Ga wires must also be below the
17

measurable limit of the SQUID voltmeter, i.e., 3X 10" ohm -cm.

This means that the wires are actually superconducting by the estab-
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lishment of superconducting paths, or by means of the proximity ef-
fect in between filaments. The exact mechanism giving rise to the
complete superconducting state in these wires is difficult to deter-
mine even with strong applied field, because,according to an argument
made by Tinkham42, the radial current density I in the normal

metal is related to the current density in the filaments Jf by

I/3, = al2L ~ 57?107t (9)

which is only a small fraction. Furthermore, since the radial cur-
rent flows outwards from the filaments, a portion of it is always
parallel tothe appliedtransverse field and thus should not be sensitive
to it. Thus, although the proximity effect itself is sensitive to ap-
plied magnetic field, and the superconducting state caused by it
should not be able to sustain a field strength of above 10 kG, it is still
difficult to say for sure that it is playing a dominant role in the super-
conductivity observed in these wires based only on the magnetic field

dependence of their critical current densities.

DD. Critical Current Densities

Before discussing the results of critical current measure-
ments, a brief review of the existing theories on hard superconduct-
ing materials seems in order. The discussion will be limited to such
aspects as flux pinning, magneto-thermal instabilities, and stabiliza-
tion of hard superconductors.

1. Review of Relevant Theories. It has been known that the

properties of type II superconductors under applied magnetic field

can be described, at least qualitatively, by the GLAG (Ginzburg-
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Landau-Abrikosov-Gorkov) theory. At fields above HCl , which is
about a few hundred gauss for most type II superconductors, flux
starts to penetrate into the superconductor in the form of flux
bundles of units of d)o = hc/2e 2 X 1077 gauss-cmz. e
These flux bundles (sometimes called fluxoids, fluxons, or vortices)
are each cylindrical with radius of the order of the coherence length
£ of the superconductor, and they form lattice structures, which in
the ideal case are hexagonal, with the lattice spacing determined by
the field strength B. Sucha superconducting state is called the
mixed state.

If a bulk current of density J transverse to the vortices is
flowing in the superconductor, there is a Lorentz force IxB acting
on each vortex. In a homogeneous specimen, vortices will move in
response to this force producing losses and therefore electrical re-
sistance. The electrical resistivity arising from this nature in the
superconductor is called the flux flow resistivity. Thus, a homoge-

neous superconductor can carry no lossless bulk current in the

mixed state. The flux flow resistivity pgy can be shown to be equal to

Pe = T Pp (10)

where He is the applied field, HcZ the upper critical field of the
material, and P the normal resistivity of the material.

However, in some type 1I superconductors, the presence of
lattice irregularities can ''pin'' the vortices against movement under
the action of Lorentz forces, thus enabling the current to flow with-

out dissipation. Pinning centers can be voids, normal inclusions,
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local compositional variations, dislocations, etc. As an example,
the grain boundaries of V3Ga are believed to be the most important
pinning centers against the vortex motion. Type II superconductors
in which flux movement is inhibited by pinning are called hard su-
perconductors.

It was found experimentally that there is a limit to the
strength of the pinning force. Vortices are pinned as long as the
current density J and field strength B satisfy the relation

IX(B+B) sa_ , (11)

where . is the value of the Lorentz force which overcomes the pin-
ning strength at a given temperature, and BO is a constant. Vortex
motion and thus flux flow resistivity will occur as soon as the rela-
tion (11) is violated. The quantity a, was found to depend on both
the temperature and the fieldsz.

Assume that persistent currents whose magnitude satisfies
the relation JX (B+B ) = ®_ flow in a hard superconductor under ap-
plied magnetic field, in such a way as to shield the interior of the
superconductor from further flux penetration, we arrive at the criti-
cal state model, or the Bean model, which is commonly used for
describing the electrical and magnetic properties of hard supercon-

LA7T-51  rhat portion of the superconductor carrying this

ductors
limiting current density is said to be in the critical state. As the
external field increases, the region of critical state penetrates

further, until the equilibrium condition is reached and all vortices

are pinned again. From the critical state model, quantities such as

the hysteresis magnetization of a hard superconductor can be cal-
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culated, and the results are in reasonable agreement with experimental
measurements.
The rate of decrease of field strength in the mixed state region
is given by
dH/dx = J_ (12)
with

JCX(B+B0) = ct,c : {13

Thus, the thickness 6 of the critical state region can be estimated
from the following relation

6 R:H/JC : (14)

So far, the discussion has been limited to situations in which
no transport current is present. If a transport current is flowing in
the superconductor while an external field is being applied, the field
penetration profiles will be modified. For instance, consider a slab
of hard superconductor which has been cooled to below TC before a
field HO is applied parallel to the plane of the slab. Before the ap-
plication of a transport current, the field strength in the slab de-
creases linearly according to (12) on both sides of the slab. For a
sufficiently strong applied field, the flux penetration from the two
sides meet. If a transport current is then applied, the external field
on one side of the slab is increased while the external field on the
other side is decreased, at the same time keeping the local current
density to the maximum allowed locally by the pinning strength. The
local current flow on one side of the slab is partly reversed in order

to give rise to the net transport current. The limiting value of the
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transport current is reached when all the current flow on one side of
the slab has been reversed. Under such a condition the flux density
in the slab decreases continuously from the higher value on one side
of the slab to the lower value on the other side. If the transport cur-
rent is further increased, then vortex motion will occur and thus give
rise to electrical power loss in the superconductor, since the critical
pinning strength of the material will inevitably be exceeded.

In reality, the current-carrying capacities of hard supercon-
ductors are also determined by some other factors. It has been
found that most of the hard superconductors have poor thermal con-
ductivity; thus, the magnetic flux can, under some conditions, dif-
fuse through these materials much faster than the heat generated by
the moving flux. Thus, these hard superconductors can be heated up

appreciably if a sudden field change occur553’ 54.

Such a tempera-
ture increase will decrease the pinning strength, and thus allow fur-
ther flux penetration and movement. Hence, the penetration of flux is
a regenerative process which may become catastrophic under some
conditions.

The conditions under which a hard superconductor can recover
from the disturbance of a small change in the applied field can be cal-
culated, and the limit of stability can be shown to be

8T -1
"% =g C(u —T , (15)
e c o
where He is the applied field, C is the specific heat of the super-

conductor, and Mo the permeability. In most cases, instability re-

sults directly from the negative value of BJC/BT displayed by most
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hard superconductors. For some alloys, BJC/BT could be made posi-
tive, resulting in inherent stability. The condition (15) can be modi-

fied to be
aJ

1
2 c
ds - 2C<u,OJC _ﬁ) ’ (16)

where dS is the maximum half-thickness of the hard superconductor
in which instabilities will not occur. The condition (16) applies for a
slab of hard superconductor, but a similar condition differing from
(16) only by a multiplicative constant can be derived for a wire su-
perconductor.

In actual use, a hard superconductor has to be ''stabilized' by
various methods. The principle of stabilization is to have a normal
metal with high electrical and thermal conductivity in intimate con-
tact with the hard superconductor. Such a conductor configuration is
usually called a '"'superconducting composite.' The composite is im-
mersed in liquid helium in actual use. When the composite is carry-
ing a transport current in a magnetic field, and if flux jumping occurs
in some part of the superconductor, the heat generated can be con-
ducted away through the normal metal, thus preventing the supercon-
ductor from going normal. If, in the worst condition, the supercon-
ductor did go normal by an excessive amount of heat generated, the
normal metal then serves as the path for current flow for a short
time, until the heat is dissipated into the helium bath and the super-
conductor recovers from the normal state back into the supercon-
ducting state; then the current flows again in the superconductor itself.

Thus, stabilization is achieved at the sacrifice of a reduction in the
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over-all current density that can be obtained from the compos-
itezg’ 55, 56‘

The actual analysis involves some other factors, such as the
mode of heat transfer between the helium bath and the surface of the
composite changes from the nucleate boiling to film boiling as the
temperature difference between the two exceeds IOK, and is quite
complicated. But the essential points are:

(i) The thermal bonding between the superconductor and the normal
metal must be good.

(i1) The size of the superconductor must be under some limit in order
for the heat generated in a flux jumping process to be efficiently re-
moved. Also, there must be sufficient amounts of normal metal in the
composite. In fact, the criterion for stability can be written as

2 an Y BJC =
1%, = 42 - JC(BT> , (17)

4] S
S

where ds is the diameter of the superconducting filament; y is the
heat transfer coefficient between the superconductor and the normal
metal; a and a_ are the cross-sectional areas of the normal metal
and the superconductor, respectively; and Py is the resistivity of the
normal metal.
(iii) The over-all size of the composite must not be too large in order
to assure efficient heat dissipation into the liquid helium bath.

Further analysis indicates that appropriate configuration of the

composite can actually prevent flux jumping from occurring. This is
48, 57

(A

called ""dynamic stabilization. For a flat composite which can

be cooled from two faces, the stability criterion can be written as
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2., 2 ™ s n s &
Te % <zzg(;;*;;>%(“n) , HLE)

where KS is the thermal conductivity of the superconductor, dS the
thickness of the superconductor, and Ps its flux-flow resistivity. d]!1
and p, are the thickness and resistivity of the normal metal, re-
spectively.

Thus, it can be seen that the size of the superconductor in the
composite must be small in order to achieve a high stability against
flux jumping. For this reason, most composites are either composed

of a thin layer of superconductor such as Nb,Sn cladded with copper

3
and stainless steel, or are in the form of wires containing a number
of thin (~ 50 pm in diameter) superconducting filaments embedded in
coppersg. So far, most of the latter class of materials contains duc-
tile Nb-Ti alloys as their superconducting filaments; thus, their TC
is only about 10°K. Only recently have multi-filamentary supercon-

ducting composites containing Nb3Sn or V3Ga been developed.

2. Stability of Cu-V-Ga Composites. From the previous dis-

cussions, we realize that the critical current density of a supercon-
ducting material is determined by quite a number of factors. First of
all, the material itself must be a very good type II superconductor,
and it must contain a high density of pinning centers to give rise to a
high pinning strength to flux vortices. Then, the material must be
fabricated into thin fi‘laments or strips and stabilized with normal
metals before it can be used in actual applications.

For composites fabricated by conventional processes, for ex-

ample, multi-filamentary Nb-Ti-Cu composites, the conductor con-
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figuration that can be achieved is limited. The smallest size of the
superconducting filaments embedded in the Cu matrix that can be
achieved is only ~ 50 ym, whereas both the criterion for thermal
stability (17) and the criterion for stability against flux jumping (18)
require a small size for the superconducting filaments. In this sense,
the Cu-V-Ga composites fabricated by the Tsuei process should pro-
vide a higher stability, since the size of a typical superconducting fil -
ament in them is only about 5uym. The heat generated in these fila-
ments can be easily dissipated through the Cu matrix. Furthermore,
since the filaments are produced by elongation of the dendrites formed
in the melting process, the contact of the filaments to the surrounding
matrix is extremely clean and allows a very efficient heat conduction
between them. Whereas in the conventional composites, the filaments
are produced by repeatedly rolling and drawing rods composed of a
Cu outer tube and a superconducting core, there is always the possi-
bility of surface contamination and oxidation on the superconductor,
which will create a thermal barrier between the superconducting fila-
ments and the Cu matrix, and as a consequence decrease the stability
of the composite.

Thus, from this point of view, the composites fabricated by
the Tsuei process should have inherent advantages in their conductor
configurations as far as magneto-thermal stability is concerned.

From the criterion for thermal stability (17) and the criterion
for stability against flux jumping (18), we can see that the stability of
a composite requires the normal metal to have low electrical re-

sistivity p_ (or, equivalently, high electrical conductivity Un). Also,
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from (17), we can see that high thermal stability also requires a
large heat transfer coefficient between the superconductor and the
normal metal y . Since y in turn is determined by the thermal con-
ductivity Kn of the normal metal, we can say that a large Kn is in
favor of a high stability.

It is known that both the thermal and electrical conductivities
of a metal are determined by the purity and the perfectness of the
crystalline state of the meta126. The higher the purity and the degree
of perfection of its crystalline state, the higher are the electrical and
thermal conductivities of the metal. For the case of the Cu-V-Ga
composites studied in this work, the residual electrical resistivity of
a typical specimen is about 10-5 ohm-cm. Since the Cu matrix pro-
vides the main path for current flow above the transition temperature,
this value is expected to be close to the electrical resistivity of the
Cu matrix alone. This high electrical resistivity is believed to be
due partly to the amount of Ga dissolved in the Cu matrix, and partly
to the high degree of structural damage caused by the mechanical de-
formation applied to the material but not completely removed in the

7 to 10_8 ohm-cm

process of annealing. Compared to the value of 10
which is the typical magnitude of electrical resistivity for pure Cu,
the electrical resistivity of the Cu matrix in these composites is not
very satisfactory. The thermal conductivity KI1 is difficult to esti-
mate, but from the Wiedemann-Franz lawzé, it is expected that Kn is
2 to 3 orders of magnitude lower than the value for pure Cu. Hope-

fully, we can increase both the electrical and thermal conductivities

of the Cu matrix by appropriate choice of the alloy composition and
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the condition of heat treatment.

3. Optimum Composition and Heat Treatment. Figures 70

and 71 show the measured flux pinning parameters o = .Tc XH for
some of the specimens studied. As can be seen, for most specimens,
& remains constant up to a field of 60 kG. As mentioned previously,
specimens of composition Cugo\floGa10 in the form of 0.4 mm wire
and heat treated at 600 - 650°C for 2 - 4 days tend to give the best
critical current or flux pinning characteristics. This means that
such a heat treatment caused the formation of a layer of V3Ga with
optimum thickness and flux pinning center density in the filaments.
As mentioned before, grain boundaries are the most important flux
pinning centers for V3Ga; thus, we can say that such a heat treatment
caused the VSGa formed to have an optimum grain size. High tem-

perature heat treatments tend to cause overgrown V_,Ga grains, and

3
thus reduce the flux pinning center density. Also, as indicated from
transition temperature measurements, high temperature heat treat-

ments tend to cause the V,Ga formed to be off stoichiometry; this can

5
be seen from the low transition temperature of the specimens which
have been heat treated at high temperature.

It is believed that the critical current densities of these speci-
mens are limited by the fact that not all the V3Ga filaments in them
are continuous. Also, the globules present in most specimens ef-
fectively reduce the number of filaments available for carrying cur-
rent. It is hoped that the situation for globule formation can be im-

proved by developing an appropriate procedure of melting the ingots.

As for the continuity of the filaments, it is hoped that a higher degree
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of deformation, i.e., a higher cross-section reduction ratio, can be

obtained; effectively, this will improve the continuity of the filaments.

E. Suggestions for Further Studies

The properties of the Cu-V-Ga composites obtained in this
work are not yet optimized. It is believed that with some further
study, some optimum parameters such as the composition, the con-
dition for heat treatment, etc., can be found so that composites with
higher critical current densities can be fabricated. Some of the
studies that are expected to be valuable in improving the understand-
ing will be discussed in this section.

1. Ternary Phase Diagrams. Some studies on the Cu-V-Ga

and the Cu-V-Si ternary phase diagrams, especially near the Cu-rich
region, should be very valuable. This information can provide the di-
rection for selecting the optimum compositions as well as the optimum
heat treatment conditions. It can also be used to predict the amount of
Ga or Si dissolved in the Cu matrix, and thus provide information
about the mechanical properties of the corhposites. The problem of
how to form stoichiometric V3Ga or V3Si compounds in the composite
can also be resolved from information obtained from the ternary phase
diagrams.

2. Optimum Fabrication Procedures. As mentioned in Chap-

ters III and IV, in order to improve the critical current densities of
the composites, we have to improve the continuity of the filaments,
and reduce the number of V-rich globules. The important parameters
are the melting temperature and time used, the cross-section reduc-

tion ratio, and intermediate annealing process.
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3. Further Studies of Critical Current Densities. Further

studies on the critical current density should be carried out based on
the knowledge of the Cu-V-Ga ternary phase diagram. The main ob-
jectives are to increase the electrical and thermal conductivities of the
Cu matrix by reducing the amount of dissolved Ga, and to maintain the
stoichiometricity of the V3Ga formed, so that higher magneto-thermal
stability can be achieved. It is also desirable to study the means of
improving the continuity of the filaments.

4. Effects of Additional Elements. It has been found that the

addition of some elements such as Si, Ge, or Au will enhance the dif-
fusion reaction for the formation of V3Ga. The addition of some other
elements such as Zr, Hf, or Ti will increase the critical current den-
sities of the composites made by the composite process mentioned
previously7. It is desirable that similar studies of the effects of
these additional elements be made on the Cu-V-Ga composites made
with the Tsuei process. This can proceed in conjunction with points
2and 3 mentioned in this section.

5. Studies of AC Properties. One of the more important

properties of a superconducting material is its AC loss properties.
Essentially, that is the energy loss dissipated in the material when it
is in a time-varying magnetic field, or when it is carrying a time-
varying transport current59-61. Judging from the results obtained so
far, the Cu-V-Ga composites fabricated by the Tsuei process does not
seem ideal for the construction of magnets, but may be perfect for the

purpose of power transmission. Since it is more desirable to trans-

mit AC rather than DC power, it is desirable to make studies on the
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AC loss properties of the material. This will involve magﬂetization
measurements of the hysteresis loops, and direct measurements of
AC loss as a function of frequency and power level. The results of
some theoretical calculations on the AC loss properties of composite
materials such as those mentioned in references 61-62 may be used
for comparison.

6. Other Studies. Besides the possible studies suggested

above, some other studies may also be valuable in the further under-
standing of the Cu-V-Ga materials. One of these is the coil test; es-
sentially that involves the winding of a superconducting coil with the
Cu-V-Ga wires made with the Tsuei process and studying the decay of
the persistent current set up in the coil. Such studies can help under-
stznding the real mechanism of superconductivity in the material.
Also, results from specific heat or low field magnetization

I«

{

asurements would be useful for interpreting the role of the prox-

imity effect in the superconductivity of the material.
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V. SUMMARY AND CONCLUSIONS

The subject of this study is concerned with applying the Tsuei
process to the fabrication of Cu-rich superconducting composites
containing the A-15 compounds V3Si or V3Ga as the superconducting
component. Some studies of the superconducting properties of the re-
sulting composite materials have also been made.

The essence of the Tsuel process is to melt the constituent
elements into ingots, keeping the A element in the A-15 compound
A3B ductile enough to be elongated into long filaments by subsequent
rolling and drawing of the ingots. Also, it requires a low solubility
of the element A in the Cu matrix. In the idealized case, the A-15
compounds will be formed during the heat treatment applied to the
material after mechanical working.

During the course of this study, it was found that the Tsuei
process does not apply very satisfactorily to the composites containing
VSSi' Electrical resistivity measurements and X-ray diffraction
analysis indicate that VBSi is indeed formed in the composite, but it is
formed during the melting process and is crushed into small discon-
tinuous particles during the cold rolling process, as indicated by mi-
crostructure analysis. Thus, we cannot obtain continuous V3Si fila-
ments in the composite by applying the Tsuei process to the compos -
ites containing Vssi.

In the case of the composités containing VSGa, it has been
found that materials with satisfactory properties can be obtained by
the Tsuei process. Microstructure studies indicate that rolling and

drawing of the ingots into rods or wires caused the vanadium den-
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drites formed in the melting process to be elongated into fine fila-
ments. The continuity of these filaments increases with increasing
cross section reduction ratio used in the rolling process. Further-
more, both the electrical resistivity measurements and the X-ray dif-

fraction analysis indicate that V,Ga is formed in the material only

3
after heat treatments have been applied. This explains why the Tsuei

process works for the composites containing V,Ga, because the duc-

3
tility of the vanadium is not affected by the formation of brittle V-Ga
compounds in the melting process.

The highest measured temperature for a complete supercon-
ducting transition for the Cu-V-Ga alloys studied was 13. 0°K, which
alloy heat treated at 650°C for

was obtained for a Cu VlOGa

7.5 1Z. 5

2.25 days. The highest measured critical current density at4. 2°K
and zero transverse magnetic field was 2.9 X 104 A/cmz, which was
obtained from a 0.4 mm CuSOVIOGaIO wire heat treated at 650°C for
4 days. The critical current density at 4. 29K for the same specimen
decreased to 1.9 X 103 A/sz when a transverse magnetic field of
60 kG was applied. So far, CuSOVIOGé’IO heat treated at 650°C for 2
to 4 days seems to give the best results for critical current densities.
There are some inherent difficulties with composites made by
the Tsuei process, however. Under a careful study of the micro-
structures, it is revealed that the superconducting filaments are not
entirely continuous, although the degree of continuity of the filaments
improves with increasing cross-section reduction ratio of the wires.

Nevertheless, high-sensitivity electrical resistance measurement

using SQUID voltmeters indicated that the electrical resistivity of
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Cu-Nb-Sn wires made by the Tsuei process is below 3X10_17 ohm-cm,
or, equivalently, the wire is superconducting to within the measurable
limit of the SQUID voltmeter. The implication of this finding is that
there exist superconducting paths in the wire even though the super-
conducting filaments are not entirely continuous. It is expected that a
similar situation exists for Cu-V-Ga materials. Even so, this dis-
continuity of filaments is believed to be the reason that the critical
current densities of the material are still not very satisfactory. Also,
it appears that the properties of different segments of a specimen are
not very reproducible. But it is believed that an industrial process
based on the Tsuei process can be set up to obtain highly homogeneous
wires.

As compared to composite materials fabricated by conventional
techniques such as the composite method or the vapor deposition meth-
od, the most important advantage of the present material is the eco-
nomic factor. The Tsueir process offers a method for fabricating com-
posite materials at a cost that is not much higher than the cost of fab-
ricating copper wires.

Another advantage of the Tsuei composite materials over the
conventional ones, according to existing theories on composite mate-
rials, is its inherent high magneto-thermal stability. As explained
in Chapter IV, due to the small size of the superconducting filaments
which are in intimate metallurgical contact to the surrounding Cu ma-
trix, the Tsuei composite materials are expected to have higher
magneto-thermal stability than the conventional ones.

However, an apparent disadvantage of the Tsuei composite
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materials is that their critical current densities are not very high.
Compared with conventional composites, their critical current densi-
ties are lower by one to two orders of magnitude. However, this
drawback will only impair the applicability of these composites as ma-
terials for the construction of high-field magnets. For other less
demanding types of applications, such as superconducting electrical
motors and generators or power transmission lines, the Tsuei com-
posites should be the more desirable material based on economical
grounds.

The most immediate relevant study that should be made is the
optimization of the various metallurgical factors involved, such as the
concentration of the alloys, the cross-section reduction ratio, and the
heat treatment, so as to produce a material with better characteris-
tics. Some studies should be made on the basic mechanism of super-
conductivity in the Tsuei composites, such as the effect of the dis-
continuity of the superconducting filaments on the properties of the
material, and the role of proximity effect in the observed properties.
Studies on the AC loss properties of the material should also be done,
since such properties are important to the application of the material

in constructing power transmission lines or electrical machinery.
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This notation of alloy composition is for convenience only,
since the atomic per cent ratios of V to Si is 3 to 1 in most
cases. It does not mean that all the V and Si exist in the al-
loys in the form of an A-15 V35i phase; such a case would be
true if the V and Si present have reacted completely to form
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