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ABSTRACT OF THE DISSERTATION
The Effects of Stoichiometry and Neutron Irradiation in
superconducting A-15 Compounds
by
Sergio Moehlecke

Doctor of Philosophy in Physics
Universidade Estadual de Campinas - Campinas 1978
Professor Daltro G.Pinatti - Co-Chairman

Professor Alan R.Sweedler - Co-Chairman

The A-15 (A3B) compounds comprise an important class of super-
conducting compounds. In order to gain a clearer understanding of
the parameters influencing the superconductivity in these materials,
several A-15 compounds have been prepared and the effects, of
varying stoichiometry, heat treatment, and irradiation with high
energy neutrons (E > 1 MeV) on the superconducting transition
temperature Tc' Bragg-William order parameter S, and the lattice
parameter age have been studied. The systems investigated include
NbjGe, NbyAl, Nb3Pt, Nb3Ir, V3Ga, V3Si and Mo,0s.

Some of the results may be summarized as follows:

1 - For Nb3A1, Nb3Pt and V3Ga, Tc is‘a strong function of

composition, reaching a maximum value at the ideal stoichiometric

xvii




composition of 3A: 1B, if that compésition exists in the equilibrium
rhase diagram.
2 - Irradiation with high energy neutrons at temperatures of
é 2150°C results in drastic lowering of Tc for Nb3A1, Nb3Pt and Nb3Ge,

but not for Mo3Os.

3 - Tc can be recovered by annealing, the recovery temperature

:
]
:

being in the range 300-800°C depends on the particular compound.

4 - The order parameter S5, decreases with increasing neutron
fluence (decreasing Tc), and is also recoverable upon annealing at
: the appropriate temperature.

5 - The lattice parameter a increases with increasing

o'

neucror. £luence, and is also restored to its original value by

} annealing.

| A simple hard sphere model is developed to calcuiate the
' dependence of a, on composition within the A-15 phase. Excellent
agreement is obtained for the measured values in the Nb-Al, Nb-Pt
and V-Ga systems,

i, The results for both compositionally and irradiation induced
‘ disorder can be undestood on the basis of site-exchange taking

place between the A and B sites in the A~-15 structure.
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I. INTRODUCTION
Since 1954, when Hardy and Hulm(l) reported the A-15 compound
V3Si superconducting with a transition temperature, Tc’ of 17 K

and Matthias et al.(ZJ reported a Tc of 18.05 K for Nb3Sn, the
phenomenon of superconductivity has received a great deal of at~
tention with hopes for achieving even higher temperatures. At
the present time Nb_Ge has the highest Tc of (~23 K) of any known

3
(3) In addition to high transition temperatures, the

compound .
A-15 compbunds have large critical currents and high upper critical
fields making them suitable for technological applications. There
are 66 compounds that have already been synthesized with the A-15
structure of which 46 are known to be superconductors.

In the A-15 compounds, of chemical composition A3B, the A atoms
are the transition metals Ti, Zr, V, Nb, Ta, Cr, and Mo, and the
B atoms come mainly from the groups IIIB and IVB of the periodic
table and the precious metals Os, Ir, Pt and Au. This structure
has a primitive cubic cell of 8 atoms, and belongs to the space
group Oi-Pm3n. The cubkic unit cell has 2 B atoms at 000, 1/2 1/2
1/2, and 6 A atoms at 1/4 0 1/2, 1/2 1/4 0, 0 1/2 1/4, 3/4 0 1/2,
1/2 3/4 0, 0 1/2 3/4. The B atoms have twelve nearest neighbors
(CN12) at a distance rA+rB€]5 a°/4. The A atoms have a larger

coordiration number of 14, the CN14 polyhedron around each A atom

contains two A atoms at a distance a°/2, four B atoms at a distance




V5 a, /4, and eight A atoms at a distance 2r, =v/6 a, /4 (a, is the
lattice parameter, I and rp are the atomic radii of the A and B

atoms respectively, in the A-15 structure).

A noticeable feature of this structure is the ortogonal chains
of A atoms along the three (100) directions, each chain bisecting
a face of the cube. The interatomic distance between the A atoms
in one chain is the shortest distance between the atoms in the
A-15 structure and is less than in the pure A crystal.

In the last few years, extensive experimental data has been
obtained regarding the different physical properties of the A-15
corpcunds. Some cf this data have been collected and systematized
in a few review articles(4-9) where related theoretical models
were also analyzed. Despite the large body of knowledge obtained
on the properties of these materials, there does not yet exist any
reliable way to predict the Tc of new materials or to obtain new
materials with desirable superconducting properties.

The subject of this investigation does not attempt to search
for new materials with high Tc's in the A-15 compounds but rather
to study some of the available high Tc compounds and to under-
stand what favorable set of parameters brings about higher transi-
tion temperatures. As a framework of analysis of the superconducting
propertizs we use the changes in T, produced by high energy neutron

irradiation, rapid guenching from high temperatures, composition



L)

variations and annealing. It has been known (1012

ﬁhat the transi-
tion temperature is very sensitive to these parameters which mani-
fest themselves in the crystallographic structure of the A-15 com-
pounds and that is why this latter has received special attention
in this investigation.

Several A-15 compounds (Nb-Ge, Nb-Al, Nb-Pt, V-Ga, Mo-Os and
Nb;Ir) are studied here. In the next chapter we describe how the
samples were prepared and characterized, the different heat treat-
wents, and how the parameters were measured. 1In Chapter III, the
results are presented for each system separately and finally in
the last chapter these results are discussed and compared with
previous work, and some conclusions are drawn. The parameters that
have to be optimized to obtain a high '1‘c in any A-15 system will
be discussed. Even though an answer to what materials will
have a high Tc cannot be definitely given, some insight has been
gained in this area. For Nb3si for example, a good candidate for

(13)

high Tc's, the problem is in developing new techaiques for

synthesizing this compound in the A-15 structure at the correct

stoichiometry.




IT. EXPERIMENTAL TECHNIQUE

A) Sample Preparation

All the samples used here were arc-cast in an ultra high-
purity (UHP) argon arc furnace using a nonconsumable tungsten
electrode, with the exception of the Nb3Ge. The starting mate-
rials used are listed in Table I.

The Nb3Ge samples were prepared by a chemical vapor depo-
sition process described previously(BQ. Briefly stated, the
process consists of hydrogen reduction of a mixture of the
chlorides of Nb and Ge, deposition taking place on the inside
of Cu tubes held at 900°C. After deposition the Cu was dissolved
in HNO5, and the NbjGe was left in the form of very brittle
flakes about 50um thick. Nb3A1 was prepared by mechanically
mixing Nb and Al powders in the desired proportions (with 25%
by weight of Al added due to losses during melting) and pressed
to about 5 tons in the form of pellets. The V-Ga alloys were
formed by wrapping small pieces of V & Ga together with V wire
in a spring form with 20% excess of Ga added. NbsPt, NbyIr
and M°3°s presented no problems in the arc furnace as the weight
losses were low due to the high melting temperatures of the com-
ponents.

The samples (1 to 3g) were remelted at least four times and

inverted on the water-cooled cooper heart between each melt.
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TABLE I

MATERIAL FORM & SOURCE PURITY & REMARKS
Nb POWDER (18Mesh); SPECPURE - Fe = 3ppm; Al = lppm;
JOHNSON MATTHEY CHEMICALS Ti = 20ppm; Ca = lppm;
LIMITED Si<lppm; Ta<50ppm
v ROD; MATERIALS RESEARCH Marz Grade
CORP. Etched: HN03/H20
Mc ELECTRO-REFINED CRYSTALS; 99.99%
NATIONAL BUREAU OF MINES
Al POWDER (200 Mesh); RESEARCH 99.9%
ORGANIC/INORGANIC CHEMICAL
CORP.
Ga ROD; LEICO INDUSTRIES 99,9999%
Pt ROD; ENGELHARD INDUSTRIES 99,999%
Etched: Aqua Regia
" Ir ROD; ENGELHARD INDUSTRIES 99.999%
Etched: Aqua Regia
' 0s POWDER; VARLACOTD 99.9%



The composition was determined by weight losses (to the
nearest 0.00001g), assuming that it came only from the low
melting temperature element. Melting Nb, V or Mo alone gave
negligible weight loss. The composition was determined to better
than 1 at.% and in tﬁe case of Nb3Pt, Nb3Ir and Mb303 samples
to better than 0.2 at.%. Selected samples had the composition
and homogeneity checked after heat treatments by electron
microprobe analysis and no change in composition or inhomo-
geneity was detected within the accuracy of this technique(ED.

For the Nb,Ge samples spectrographic and chemical analysis were

performec to determined impurity levels and composition.

B) Heat Treatments

After casting, the samples were submitted to a series of
heat treatments with the objective of obtaining single phase,
homogeneity, high critical temperature and maximum order. To
obtain this, three different kinds of heat treatments were done
on each sample. First, a high temperature anneal (1400 - 2000°C)
for a short'tiﬁe (5 min. - 12 hfé.). These treatments were de-
signed to remove all traces or coring or segregation present in
the as-cast specimens and to accelerate the attainment of equili-
brium in the subsequent anneals. After this, the heat treatment
was done at high and medium temperatuvres (1000 - 1900°C) for a
longer time (2 hrs. - 8 days) until equilibrium was achieved,
followed by a fast cooling. This treatment is the most critical

to obtain good results and depends strongly on composition, the



phase diagfam\and the éysfem‘iﬁbolved. Finally, a low tempera-
ture heat treatment (600 - 1000°C) for a long period (2 - 70 days)
was used to obtain maximum order.

The low temperature heat treatments were carried out in a
Ni-Cr resistance furnace with the temperature controlled by two
Cr-Al thermocouples (+5°C). The samples were wrapped in Ta foils
and sealed in quartz tubes under % atm of ultra nigh purity argon.
After the anneals, the samples were removed from the furnace and
cocled by radiation,

For the high temperature heat treatment, two kinds of
furnaces were used. In the first,(Centorr, model 15-2x5W-30,
Centorr Associates, Inc.) heating was accomplished by a W resis-
éance coil and temperatures of up to 2000°C could be maintained
for long periods of time. The samples were wrapped in Ta foils
to avoid contamination where located in the center of the furnace
in contact with a W-5Re/W-26Re thermocouple Mo sheathed and under
a UHP argon atmosphere (2 - 3 atm). The thermocouple was cali-
brated against the melting point of Pt to within +20°C. No
appreciable change in weight or any change in color of the sur-
facé of the samples were\observed. To cool the szmple from 1900°C
to 800°C in this furnace takes about 2 minutes. In order to obtain
homogeneous samples the as-cast button was brokén into small
pieces (~0.1lg) to increase the cooling rate and provide more uni-
form cooling.

Another furnace was constructed to obtain faster quenches



(~1/10 sec. from 1900°C to 300°C) similar in design to that
previously reported(l6). It consists of a Ta tube heated
resistively and thermally insulated with "Zircar" (Zr0, -

Union Carbide). The specimen (<0.3g) is suspended in the center
of the tube, next to a W-5Re/W-26Re thermocouple Mo sheathed
(£30°C), by W or Nb wire hung in fine fuse wire. The specimen
is quenched by applying 50V to the fuse wire to explode it and
the sample falls into liquid Ga. The heat treatment is done in
one atmosphere of UHP argon and the weight losses are negligible.
When the losses become appreciable (long-term anneal and/or high
temperature) the composition of the sample can be maintained by
etching the sample surfaces as losses are only due to volitali-
zation of the low melting elements from the surfaces (~100pm -
thick)cnb. The specimen surface (some times contaminatéd with
tantalum oxides evaporated from the Ta tube) and the Ga adsorbed
were removed by cleaning the sample in a ultra-sonic cleaver with
hot water and then etch%ng with aqua regia (HF+HN03+H20; 1:1:2).
The accuracy oi the temﬁéfatuge indicated by the calibrated
thermocouple was periodically cﬁécked against the melting point

of pure platinum.

C) Metallography
The samples were mounted in epoxy resin and their surfaces
polished with SiC paper (grit numbers 400A and 600A) and a

final polish was done with alumina in a cloth-covered wheel.



The grain boundaries in the A-15 phase of NbsGe and Nb,Al
were observed by etching the specimens in a solution of 2g Cr
03 in 100 ml HF for 1 to 5 minutes. The NbaPt and Nbglr samples
were etched in a solution of 1HN03+1H2504+1HF+1H20 for 1 to 3
seconds to show the grain boundaries and even sub-boundaries in
the grain were developed. This same solution also revealed the
grains in the Mo40s and ViGa systems after etching for 1 - 3
minutes, but in this latter system, surface stains form rather
rapidly on the etched specimen. This staining can be prevented
by dipping the specimens in a 1NH,OH + 10H,0 solucion for 30 -
60 seconds.

Individual phases of the NbyGe and NbgAl samples were dis-
tinguished by means of their different thickness oxide layer for-
mation during anodization. Eack sample was made the anode of
an electrolytic cell. The sample surface was immersed in a
solution of dilute citric acid (1:10), was touched with a Nb
needle where 22% volts were applied for 1 second to 3 minutes.
This treatment resulted in different colors across the samples
due to interference effects by which the phases were identified.
The following general observations were made: body-centered
cubic niobium appears blue, the A-15 cubic phase appear pink,
while tetragonal or hexagonal phases appear orange. When an
over-anodization occurs the oxide layers can be decreased by
etching in a dilute solution of hydrofluoric acid (1:5). A

proper balance between these two treatments can improve the color
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contrast, especially when there is finely divided structures

in the phase boundaries.

D) Lattice Parameter

The lattice parameter measurements were made with a Debye-
Scherrer 114.5 mm camera (Straumanis method) using Ni-filtered
Cu Ko radiation (Norelco, Philips Electronics, Inc., 40kV and
15 wA). The samples were powdered to -325 mesh (45um), assembled
in a glass capillary (0.3 mm) and, normally, exposured for
6 hours. The lattice parameter, ag, of the A-15 phase was
determined by extrapolating to £=90° the measurec values of the
reflections in the back-refleccion region using the Nelson-
Ritley function. This procedure gives an accuracy of x0.001i
or becter.

For neutron-irradiated samples short exposure times (1 to
4 hours), small quantities of material (~lmg) and higher energy
in the x-ray beam (50 kV and 20 mA) were used to aecrease the
y-radiation background of the sample.

It was also possible to observe second phase present in
amounts greater:than 5% (volume fraction) and identify them by
indentifying the lines with standard ASTM charts. Photographs
were also taken on an IRD Guinier focusing camera with Cu Ka
radiation, high-purity Si powder being used as an internal
standard. This technique gives improved resolution and sensi-

tivity and is very useful for impurity phase identification.
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E) Long Range Order Parameter

To determine the degree of long range order (LRO), the
samples were prepared by grounding the material (30 - 30Cmg)
in an agate mortar under cyclohexane (to reduce oxidation due to
heating and reduce strains) to a - 400 mesh (38um) particle size.
The particle size were further decreased by grounding (~% hour)
in the same conditions. The powder was transferred to an
aluminum sample holder into which a shallow rectangular trough
2.5 x 1.5 x 0.025 cm had been machined, compacted and leveled
with a glass slide. The specimen was mounted on & General
Electric XRD5 diffractometer with a fine-focus Cu target equipped
with 2 Canberra semiautomatic 6511 step-scanning system for
digital data collection. A graphite monochromator mounted on
the detector arm was used ro eliminate CuKP radiation and improve
the signal-to-noise ratio. Scans were taken over the first
twenty peaks (20 - 120 deg.) with a scanning speed of 0.05 degree
per minute and extra time was devoted to weak peaks if necessary.
With this procedure, peaks having about 0.1% the intensity of
the strongest peak are easily detected.

Shifting the position of the sample holder normally resulted
in a change (~107) in the integrated intensities due to differences
in particle size. This effect was observed o persist even when
the sample holder was rotated during the scan. More consistent
results were obtained mixing the sample with silicon powder and

moving it to four or five different positions, taking an average

i
i
i
!
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integrated intensity for each peak. The standard deviaticn
obtained for these peaks was usually considerably larger than the
errors due to counting statistics, uncertainties in background
or target stability, and was, therefore, taken as the error in
the intensity. Using a smaller mesh (10pm) the number of scans
were reduced to two or three different positions.

The calculated integrated intensities include the usual
analytical expression for the Lorentz polarization factors,
multiplicity factors, and of the monchromator was taken into

account. The expression of the structure faccor for the A-15

structure used was:

F {EB 1+ cosZn(liakj-_l)] +2 £, :cos2n(% N %) .

+ cos2n (b + k) + cosn (k + %)]} exp (_Bsinze)
Bsing

where EA and EB represent the average scattering factors for A

and B sites in the A-15 structure given by:
£, =(3 £,+ £
2= (32) A (3)5
fp = (1-z-y) fB + (x + y) £

Defined in this way we can write a generalized expression

for the A-15 phase, which includes compositional and positional
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parameters,.(Aa_xBx)[hl_x_yAx+y]. The parameter y determines
the departure from the ideal stoichiometric ratio and may be
positive or negative depending on whether the alloy is B poor
(<25 at.%) or B rich (>25 at.%). The parameter x determines

the fractional occupation of the A and B sites of a given com-
position. The parameters x and y can Be related to the conven-
tional Bragg-Williams LRO parameter, S, by noting that for
nonstoichiometric compositions omne ﬁust assign different values
of S to each crystallographic site (<25 at.7% or >25 at.%). An
order parameter for the A sites, SA' and for the B sites, SB' is

defined in the following manner:

s -fa~Ta = 1.
and
Py - Tp

BT I, T OloiEn

where Py = (3-x)/3 is the fraction of A sites occupied by A
atoms, Py = l-x-y is the fractién of B gites occupied by B atoms,
Tp = (3+y)/, is the fraction of A atoms in alloy, and I'g =
(1-y)/, is the fraction of B atoms in alloy. Note that for stoi-
chiometric alloys (i.e., y = 0) S5 = S3-

Least-squares refinement of the integrated intensity data
was carried out with a computer program which permits each peak

or composite peak to be specified in terms of the reflections

3
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from any phase which can possibly contribute. Beyond the A-15
phase, appropriate structure factor expressions were used for
Si and other phases which were present. For the scattering
factors neutral atoms were assumed and appropriately corrected
(18)

for dispersion effects Instrumental factors were also

considered, and an overall Debye-Waller factor, B, was assumed,
since attempts to refine individual values for A and B sites

did not usually produce any significant improvement. The agree-
ment between observed and calculated intensities was indicated

by the usual reliability R factors, defined as:

R factor = Z/1 -1 /
obs calc /ZIobs

2

- Icalc) /z w (I

weighted R factor = {Z w (Iobs

3
)2}

obs

¢+

where w = lfoz, ¢ is the standard deviation. With this procedure,
the error in the determination of the LRO parameter was AS = x0.02,
To certify that no preferred orientation was included in the
observed values greater than the assumed errors, the intensity
ratios of the peaks 200, 211, 321, 420, 332 and 521 was compared
in each scan since these reflections contribute in che same way
to the structure factorscE».

The peaks which have the structure factors given by only

the difference in the scattering factors (fg - £), such as (110),
(220), (310), (411), (330), (422), (510), (431), (530), (433),
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(620), and (541) are the superstructure peaks and are called
difference peaks or difference lines,
From these intensities measurements, the amount of second

phase was also determined, using standard methods(ZO).

F) Cricical Temperature

The superconducting transition temperature, T., was detected
by an AC mutual-inductance bridge operating at a frequency of
27 Hz, The sample was mounted on a sapphire block where a cali-
brated Ge thermometer was incrusted. The sample holder was
inserted into the secondary coil of the mutual-inductance coil
which was located in the outer vacuum ‘acket of a double-vacuum-
space Dewar. The double vacuum space enabled the measuring coils
to be kept at 4.2K while the sample could be warmed to tempera-
tures above 4.2K by a heater attached to the sapphire. This
avaoided coil] drift at high temperatures. Bellow 4.2K, the
temperature was determined by monitoring the vapor pressure of
liquid He. The accuracy of the T.'s are #0.1K. The transition
temperature was defined as illustrated in Fig., 1 and unless
indicated, Ehe'Tc adopted was where 50% of normal to supercon-

ducting transition occurs, Tc3 of Fig. 1 . AT, was defined as
Te2 = Tege

G) Neutron-Irradiations

The samples for irradiation were crushed (to - 50 mesh for

Tc and post-irradiation anneals, ~70 mg each; tc - 325 mesh for

a,, ~8 &g esach; and to - 400 mesh for LRO, ~60 mg each) and
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Figure 1

Schematic representation of transition from normal to
superconducting state defining different Tc values

noted in text.
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sealed in 4 mm quartz tubes under % atmosphere of UHP He
exchange gas. In this manner, it was possible to measure T¢
and to carry out annealing studies after lrradiation without
the need to remove the radioactive samples from the quartz
capsules, minimizing any possible radioactive contamination.
All irradiations were performed in the Brookhaven High Flux
Beam Reactor (HFBR). The ampoles were placed in Al capsules,
designed to accommodate up to fifteen samples at a time, and
were immersed in the reactor's cooling water. The temperature
during irradiation measured with a thermocouple inserted in a
Sn powder located at the same position where the samples were
irradiated, averaged at 140 = 30°C. All irradiations were
carried out under as nearly identical conditions as possible,
and the fluence was determined from the product of the irradi-
ation time and the fast flux (E>1MeV). In each Al capsule a
Ni monitor was included and the neutron activation of the
reaction Nisa(n,p)Co58 was measured. As a result of these
measurements and from other kinds of monitors, the flux (E>1MeV)
was determined to be 1.0 + 0.1x1014n/cm2 sec.

fn a few irradiéted samples, hysteresis or a decrease in
height of the S-N transition signal or no transition at all
was observed, probably due to a loss of the He exchange gas
during irradiation( ZD.. These ampoles were recapsulated after
irradiation with new He exchange gas. After this procedure,
no hysteresis was observed, and the transition height was gener-

ally equal to that of the unirradiated value. In crder to
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obtain consistent results reincapsulating was adopted as a
standard procedure. It should be pointed out here that a sample
irradiated and showing a normal transition in the sense of no
hysteresis and full signal, after recapsulation maintained the
same characteristics: i.e., no hysteresis, full signal, same

Te and width of tramsition, AT,.

Annealing of the neutron irradiated samples was accomplished
by placing the quartz capsules in a conventional tube furnace
with flowing He. This arrangement was to avoid losses of the He
exchange gas that diffuses out of the quartz tubes even at low

temperatures.



III. EXPERIMENTAL RESULTS

Nb - Ge: At present, the Nb-Ge system has the highest
superconducting transition temperature when prepared by non-
equilibrium techniques, such as sputteringcg;m, electron beam
deposition(zizs, and chemical vapor deposition(h%zb. The rea-
son why these preparation techniques result in transition tem-
peratures as high as 23K, whereas conventionai techaiques, such
as arc melting or sintering(zaja, result in sucn lower T, 's of
~6K, is thought to be associated with formation of a metastatle
stoichiometric Nb3GeCEQ&31). However, an increase in stability
of the A-15 structure by addition of impurities(32’33), nresence
of highly disordered or amnrphous materia1(34), or the elimina-
tion of some unknown defectcyg is also attributad to explain
this effect. An extensive analysis of this system has not been
possible because of the very small quantities of material ob-
tained by sputtering and electron beam vapor depQSition tech-
niques. However, recently it has proved possible to prepare
relatively large quantities of high T, material by chemical
vapor deposition techniquescuo.

We present here a study of NbsGe prepared in this manner.
The metastabiiity of the A-15 phase of Nb3Ge was investigated
by studying the effects of high temperature annealing and neu-
tron irradiation on *the superconducting and lattice properties
of CVD prepared Nb3Ge.

Several samples were examined, one involving a relatively

large quantity of material (~25g - from several CVD rums),

20
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designated NbjGe (II), was used for the annealing studies.
Spectrographic analysis of this sample indicated metallic
impurities at the following levels: Fe (0.2 wc%), Cu (0.2 wt%),
$i1(0.2 wt%) and others at less than 100 ppm. Chemical analysis
for Nb gnd oxygen gave values of 75.05 and 1.57 wt.% respectively.

Debye-Scherrer and Guinier photographs of the as-deposited
sample showed the principal phase was of A-15 type with a lattice
constant of 5.142 + 0.002i. Four other phases were also detected,
the principle phase being tetragonal Nb5Ge3 with cell parameters
a = 10.173 + 0.0654 and ¢ = 5.143 + 0.003i. There were also
significant amounts of Nb 0, and Nb O (a = 4.2104) and a trace
of hexagonal NbSGe3 (a = 7.724, ¢ = 5.3454). To help in the phase
identification an arc-melted sample of tetragcnal NbsGe3 was
prepared, Chemical analysis for Nb showed this to be very close
to stoichiometry (67.9 wt.% against a calculated value of 68.08
wt.%). This material gave a very well resolved x-ray pattern
(lattice parameters a = 10.169 + 0.003i, ¢ = 5.139 + 0.0024)
and showed quite clearly that there was overlap of many of the
principle lines with the A-15 phase.

The diffraction lines of the as-deposited sample were
observed to be appreciably broadened compared to those of the Si
standard. This could arise from effects such as grain size,
microstress, or compositional inhomogeneities, all of which
could plausibly result from the vapor deposition process.

However, metallographic analyses of the as-deposited material
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indicated the average grain size to be of the order of 7u

(Fig. 2) which is too large to be the cause of the observed line
broadening(zo). From the general trend of the line widths as a
function of increasing 20, either microstresses or inhomogeneities,
or a combination of both, appear to be mainly responsible for

the line broadening. Similar, although more pronounced, effects
have been observed in sputtered A-15 niobium-base alloys(ssy.
Comparing the as-deposited film with those obtained from off-
stoichiometry (Nb - rich) arc-melted samples we observed that in
the latter all the lines were sharp. As these arc-melted samples
are less affected by grain size, microstress, c¢r compositional
inhomogeneities effects the line broadening observed in the as-
deposited material must originate in the deposition process.

| The annealing studies on Nb3Ge (II) revealed a number of
interesting features. At 700°C, some of the Nb02 had already
5een converted to NbO. At 850°C, both the NbO, and hexagonal
Nb5Ge3 could no longer be detected but there was no observable
change in the lattice parameter of the A-15 phase. At 1000°C
there was still no change, but at 1100°C there was quite a definite
increase from 5.142 to 5.152% and at 1350°C a further increase

to 5.179A. The x-ray pattern for both phases (A-15 and tetragonal
NbsGeb) at this point was quite sharp and the (110) line of the
A-15 phase was no longer visible in the x-ray film(36). A sub-
stantial increase in the amount of tetragonal phase relative

to the A-15 phasas was also evident. Within experimental limits
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Figure 2

Nb3Ge as-deposited, etched (2gm Cro

average arain size 7um, 1200X.

3 + 10meHF, 5 min.),
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of error, no change of lattice parameters of the former was
observed in the annealing process. Samples which had been anneal-
ed at 1150°C and 1250°C were also subjected to further anneals

at 1000°C and 1100°C in order to check for reversibility, but

the x-ray patterns showed no changes.

The effect of annealing on T, is summarized in TableIIand
shown graphically in Fig. 3 together with the lattice parameters.
Between 700°C and 900°C Tc remained relatively constant compared
to the as-deposited value of 19.4K, exhibiting a small degrad-
ation of about 0.4K and an increase in the transition width
AT,, from 0.4 to 1.0K. Above 900°C T, began rc slowly decrease
and above 1000°C the decrease was fairly rapid until T, finally
leveled off at a value of about 6K for an annealing temperature
of 1250°C. Further annealing at 1350°C and 1450°C produced no
further change in T,.

It can also be seen from Fig. 3 that in the temperature
range 950°C - 1150°C AT, increases considerably compared to the
as-deposited value, and that the difference between the onset
transition temperature and TEZ also increases over this range.
The origin of this broadening is not understcod. However, it may
be associated with the initial stage of the deccmposition process
described previously.

The decrease in T, due to annealing accompanies the in-
crease of the lattice parameter. Furthermore, the decrease was
not reversible. Samples annealed at 1000°C and 1100°C for 48
hours after anmnealing at 1150°C an¢ 1250°C retained their lower

Ta values.



Summary of Data for

Table YT

Chemically Vapor Deposited Nb,Ge(1I)

Annealed Samples

Transition Temperature (K) lLattice
Parameter
. of A-15 Phase Other Phases Present Heat Treatment
Tcl Tc2 rc3 Tc4 aoA
19.9 19.7 19.4 19.3 5.142 T~-Nb5Ge3(a=10,173, c=5.143) as deposited
Nb02; NbO; H-NbsGes
19.7  19.4 18.8  18.1 5.141 T-Nb5Ge3; NbO7; NbO 700°C/48 hrs
19.7  19.3  18.6  17.9 5,142 750°C/48 hrs
19.7 19,3  18.4  17.3 5,144 T-NbgGe,; NbO; NbO, 800°C/48 hrs
19.5 19.1  18.1  17.3 5,143 T-Nb Ge,; NbO 850°C/48 hrs
19.6 19.3  18.7  18.3 5,141 T-NbgGe,s NbO 900°C/48 hrs
19.2 17.5 15.6  14.8 5.143 T-NbgGe,; NbO 950°C/48 hrs
18.7 17.5 16.0  15.0 N.M. Not measured 985°C/48 hrs
19.5 17.1  14.8  13.3 5,144 T-Nb5Ges (a=10.165, c=5.13s) 1000°C/48 hrs
NbO
18.1  14.9 12.6  11.3 5.143 T-Nb5Ge3; NbO 1050°C/48 hrs
15.0 9.6 8.4 7.5 5.152 T-NbsGes (a=i0.16q, c=5.149) 1100°C/48 hrs
NbO (a=4.210)
8.2 7.5 6.6 6.1 5.158 T-NbsGe3; NbO 1150°¢/48 hrs
5.9 5.8 5.7 5.6 5.170 T-Nb5Geq; NbO 1250°¢/48 hrs
5.9 5.8 5.6 5.5 5.179 T-Nb5Ge, (a=10.16g, ¢=5.135) 1350°c/48 hrs
NbO (a-2.21o)
6.2 6.1 5.8 5.7 5.177 T-NbsGeq (a=10.171, c=5.143) 1450°C/48 hrs
NbO (a=h.216)
5.9 5.8 5.6 5.5 5.170 T-NbsGe3 (a=10.163, c=5.137) 1250°C/48 hrs +
NbO (a=4.210) 1100°C/48 hrs
7.3 7.2 6.3 5.7 5.158 T-NbsGes; NbO 1150°¢/48 hrs +
1000°c/48 hrs
5.8 5.8 5.6 5.5 5.169 1250°C/48 hrs +

T-NbsGeq (a=10.163, ¢=5.133)
N¥bO (a=4.210)

1000°C/48 hrs

9z
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Fiqure 3
Effect of annealing or. the superconducting transition
temperature T, and lattice parameter a, of the A-15
phase of Nb3Ge (1II).
{a) Tc vs. annealing temperature. Error bars represent
transition widths ATc = Tcz_ ch'

(b) a, vs. annealing temperature.
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.Parts of the diffractometer scans for Nb3Ge (IT), both as-
deposited and annealed at 1350°C, are shown in Fig. 4. 1In addi-
tion to the A-15 phase, there are substantial quantities of
impurity phases in the as-deposited material (Fig. 4a) as pre-
viously observed from the x-ray films. One obvious feature of
both patterns is the number of overlapping peaks. However, it
is emphasized that every single peak can be accountced for, and
that the (110) peak of the A-15 phase is completely free from
any overlap of this type. Althougn quite weak, it can be mea-
sured quite accurately, as shown in the inset to each figure.

In spite of the number of impurity phases present, least-
squares refinement of the intensity data was possible. The data
from the sample annealed at 1350°C were first processed with
variable scale and temperature factors for the four phases
(including Si), an occupation factor k for the A-15 phase, and
the three variable positional parameters for tetragonal NbgGe;.
The positional parameters of NbO have been given previously by
Bowmann, et. al.037) | The impurity phases were assumed to have
their ideal stoichiometry.

The compositional parameter (y in Nb3+ngy) was assigned
several values. Virtually identical fits were obtained in each
case, since the scale factor and occupation factor adjust them-
selves accordingly, while the other parameters attain the same
set of final values. From the respective values of the scale

factors, the volume fractions of each phase were calculated
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Figure 4
X~-ray data for Nb3Ge (11). (a) As~deposited.
(b) Annealed at 1350°C for 48 hours. The -
insert to each pattern shows the (110) peak

of the A~15 phase in greater detail.
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from standard formulae, and hence the weight percentages of
niobium and oxygen for each assumed value of y. By comparison
with the chemical analysis figure, the Nb content of the A-15
phasé was established as 83 + 1 at.%. The.oxygen content

(1.75 wt.%) agrees quite well with the chemical analysis result
of 1,57 wt.%.

Final values of the parameters for this material are given
in Table III together with observed and calculated intensities.

As indicated by the low R factor of 0.04, the overall fit is
very good and each of the three phases is well characterized in
spite of the large number of overlapping peaks. The positional
parameters found for Nb5G§3 are in excellent agreement with those
reported in a recent single crystal study by Jagner and Rasmus-
sen(38) (Nb(2): k-0.0760; Nb(2): y-0.2222; Ge(2): x-0.1654), and
the occupation of the A-15 phase is zero within error limits of
+0.8%.

A similar procedure was followed for the as-deposited
material. In this case, it is necessary to make allowance for
NbO, and hexagonal Nb56e3 as well, The two positional parameters
of the latter were permitted to vary, while those of NbO, were
fixed at the values determined in a recent neutron diffraction
study(39). Both phases were assumed to be stoichiometric. The
positional parameters of tetragonal NbsGey, and the Debye-Waller
factors of hexagonal and tetrogonal NbsGey, were fixed at the

value given for the latter in Table IXI. A similar constraint
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TABLE II1

Least-squares parameters and intensities for NbgGe(II),
annealed at 1350°C.

occupled by Ge, B the Debye-Waller factor.

tetragonal NbSGea.

k 1s the percentage of Nb sites
T denotes

Stan”urd errors are given in parentheses and refer to
the least significant digit.

- M - o

¥by a56e0.17(a0 = 5-1794, T_ = 5.6°K)
k(%) 0.2 (8)
B (5 0.8 (3)

Tetragonal Nb.Ge, (a = 10,1654, ¢ = 5.1354)

Nb(2): k 0.0780 (5)
Nb(2): y 0.2217 (5)
Ge(2): x 0.1671 (6)
B(42) 0.9 (2)

NbO (a = 4.2104)
B (k%) 0.7 (3)

Phase hkl Icalc Iobs (o)
NbO 100 15.6 15.2 (0.7)
Al5 110 2.6 2,7 (0.2,)
T 220 0.1 0.3 (0.3}
T 211 1.5 1.5 0.4)
T 310 2.7 z.2 11.0)
si 111 1073.7 1062.7 (50.0)
NbO 110 29.7 28.8 (1.5)
829 wma as
T 400 17.8 17.9 0.7)
T 321 92.6 94,2 (2.0)
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Phase hk4 Icalc Iobs (o)

e 0 o 50.8 (1.2)
T 330 18.5 16.5 (0.8)
ALS 210 213.6 195.4  (10.0)
T 202 90.3 90.3 (7.0)
T 420 110.6 115.5 (7.0)
T 411 193.8 192.7 (5.0)
ALS 211 135.7

NBO 200 46.4 262.7  (10.0)
T 222 74.2

T 312 0.2 0.4 (0.7)
T 510 1.1 0.5 0.7
si 220 666.9

T 431 0.8 703.0  (3C.0)
NbO 210 7.4

Al5 220 0.3 0.5 (0.7)
T 2 1.2 13.1 (1..0)
T 521 21.3 19.9 (1.5)
: e oe 15.3 (1.5)
NbO 211 10.3 9.4 0.7)
T 422 0.2 0.0 (0.5)
T 600 0.2 0.0 (0.5)
e 30 37g: ] 369.7 (18.5)
: o2 B2 11.8 (2.0)



TABLE III(Cont'd)

I

Phase hk£ cale Iobs (@)
T 611 1.0 0.7 (0.5)
T 512 4.2 4.3 (0.5)
T 541 3.0 3.0 (C.5)
wom o w wr oo
r® B3 ms oo
T 631 15.1 19.0 (2.0)
Al5 320 42.2
BB e ae
T 550 7.7

NbO 300 0.7

NbO 221 2.8

T 602 15.8 60.0 (4.5)
T 640 0.0

T 413 39.5

AL5 321 62.1 61.2 (4.6)
i piisd 22 86.4 (6.5)
T 721 5.7 9.2 (2.0)
NeO o ae 7.2 (1.0)
T 433 0.2 0.6 (0.6)
AL5 400 26.6 29.0 (2.9)
T 004 14.5 15.2 (2.0)
NbO 311 17.8

T o > 27.0 (2.7)
T 114 0.0

T 651 1.5 1.4 (6.7)
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TABLE III(Cont'd)

Phase hkl Icalc Ioba (o)
si 331 133.7
T ;g% 2:‘5’ 154.6 (11.6)
T 204 0.1
: 2’2‘(2) i;:g 45.0 (5.0)
A15 330 0.1
A 411 2
‘1‘15 811 2.5 4.8 (1.5)
T 741 0.1

22 .6 .
'brlbo 324 g.o 5.3 (1.5
T 660 11.3
T 613 0.4 11.0 0.7
T 314 0.3
: ;(3)§ 3: Z 5.2 (0.6)
NbO 320 1.5 1.2 (0.5)
A15 420 16.4
T 543 1.2 34.3 (3.4)
T 831 15.6
T 404 2.3 3.1 1.0)
Al5 421 36.5
NbO 321 4.4
% 840 6 ,
T 633 2.2 63.9 {6.4)
T 334 2.7
T 302 9.7
T 910 3.1
T 424 18.4 30.4 (7.6)
T 822 0.0
Al5 332 14.1 .
si 422 172.9 206.1  (20.6)

R factor 0.0639

Weighted R factor €.049
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was placed on the Debye-Waller factors of NbO, and NbO.

This fitting procedure together with the chemical anal-
ysis figure for Nb yielded a self-consistent result of 76 + 1
at.% for Nb content of the A-15 phase. The oxygen content works
out to be 1.97 wt.%, rather higher than the analysis figure.
This is probably because there is no way to allow for the diffuse
part (broken line in Fig. 4a, between 34 - 42 deg.) of the scat-
tering in the x-ray phase analysis, which would lead to an under-
estimate of the absolute amounts of the three Nb - Ge phases,
and a corresponding overestimate of the amcunts of the oxide
phases. Allowance was made for this by scaling the fractions of
NbO,, and NbO so as to agree with the oxygen analysis. However,
the relative proportions found fcr the Nb - Ge phases should not
be very much affected by the diffuse scattering. The final
parameters are given in Table IV . Intensities have not been
listed since there are over 150 reflections, but the overall
agreement is quite satisfactory.

There is clearly a significant amount of disorder in the
as-deposited material amounting to occupation of about 37 of
the Nb sites by Ge (Sy = 0.87) and 147% of the Ge sites by Nb
(S8g = 0.82). This may be contrasted to the annealed material
in which there are essentially no Ge atoms on Nb sgsites and vice
versa. The data of both as-deposited and annealed material are
summarized in Table V.

Since there has been considerable interest in and specu-

lation about other kinds of defects and their role in stabilizing
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TABLE IV

Least-squares parameters for NbiGe (II) as-deposited.
Composition of A1S5S phase Nbg ;4 Geg.24 {ap = 5.1424,
Te = 19.49K). k is the percentage of Nb sites occu-
pled by Ge, B the Debye~Waller factor.

k (@) 3.2 (8)
3 (4% 0.8 (3

R factor = 0,066 Weighted R factor = 0.089



TABLE V

Phase Distribution (in wt?%) for Nb3Ge(II)
Prepared by Chemical Vapor Deposition

A-15
T-NbsGe
H-NbsGe3
Nb0

NbO,

Atomic Z Nb in
A-15 phase

Lattice parameter of
A-15 phase

TC

As-depostied at
900°C

Annealed at 1350°C
for 48 hours

54
35

2

32
56

not detected

12

not detected

83+1
5.1794

5,6k
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high T, A-15 phases,(3$32’34)the intensity data for the as-
deposited material were also refined on the basis of a vacancy
model of the type Nb,;_. o, Gei-x—y Nbx+y in which the Nb site
defects were assumed to be vacancies rather than Ge atoms.

Since it is essentially the ratio of the average scattering
factors on the two sites which is determined, a virtually iden-
tical fit should be possible. This indeed is the case, and the
corresponding occupation factor for vacancies at the composition
Nbg 7¢ Geg g4 15 3.7 + 0.4%. The large number of vacancies,
necessary to amount for these changes in intensities, should be
easily detected by density measurements. However, no indication
of vacancies were observed where measurements have been donél7rﬂh44)
certainly not at the level of a few percent.

For the irradiation experiments the yield from one CVD
run (about 1.5g) was sufficient and this sample was designated
Nb3Ge(I). The effect ¢f the high energy neutron irradiation on
T, of Nb3Ge(I) is shown in Fig. 5. We see chat T, is severely
degraded with increasing fluence. The as-deposited T, value of
20.2K is depressed to 4.2K for a fluence of 2.6 x 1019 n/cm2 s
and further increase in fluence only depress Tc to 3.4K at
S x 1019n/cm2 where T, appears to reach a saturation region.
There is an increase in the superconducting tramsition width
when T, begins to decrease but at high flueaces, where T, sat-
urates, the widths are narrow, even narrower thea the unirradi-

ated material.
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Figure 5
Effect of high-energy neutron irradiation (E>1 MeV)

on the superconducting transition temperature Tc

of Nb.Ge (i) and Nb3Ge (III), this latter used for

3
the long range order measurements. Also included is

the Tc of Nb3Ge (IV) as--deposited.
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The lattice parameter of the A-15 phase as a function of

Tc for the same irradiation doses of Fig. 5 is shown in Fig. 6
and the data is summarized in TableVvi. We see a rather large
increase in a, as a function of neutron fluence similar to that
observed as a function of annealing temperature (Fig. 3). The
value of a_ was initially 5.1434 and increased to 5.161i after
19 n/

at this point T,

exposure to a fluence of 2.6 x 10 cmz,

begins to saturate but the lattice continues to expand.

Apart from this lattice expansion the Debye-Scherrer
patterns remained unchanged(45) up to a fluence of 2.6 x 10!
n/cmZ. There was, however, in the most heavily irradiated
sample (5 x 1019n/cm2), some line broadening in the high angle
region and a clear decrease in intensity of these lines compared
to the low angle region. This sample also presents a rather
large lattice expansion, 5.19 + 0.01i. The large error in the
lattice parameter is because only the three first strongest
lines (200, 210 and 211) could be used in the lattice determin-
ation.

The long range order measurements in neutron irradiated
samples was performed with about 2g., designed as NbaGe(III).
This as-deposited sample had an a, of 5.14154 and a T, of 20.3K
before irradiation. Part of the diffractometer scan of the
unirradiated material is shown in Fig. 7, and refinement showed

that the material contained about 10 wt.7% of tetragonal and

8 wt.7 of hexagonal NbgGey respectively, and a trace of NbO
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Figure 6
Superconducting transition temperature Tc vs. lattice
parameter as of the A-15 phase for neutron irradiated
Nb3Ge (I) and Nb3Ge (III), this latter used for the
long range order measurements. Also included is Nb3Ge

(IV) as-deposited.
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Nb3Ge(I) Neutron Irradiated

TABLE VI

Transition Transition Fluence Lattice Parameter
Temperature Widths gt(n/cn?) a 4L
T .(K) ATe
c3 .
20.2 0.9 0 5.143 + 0.003
19.2 1.8 5.0x10%7 5.144 + 0.003
18.8 1.0 1.1x10'® 5.145 + 0.003
16.3 1.5 3.0x10'8 5.148 + 0.003
13.7 1.0 5.8x10"8 5.154 + 0.003
12.3 1.3 7.0x10'8 5.155 + 0.003
4.2 0.2 2.6x10%° 5.161 + 0.005
3.4 0.6 5.0x10%7 5.19 +0.01
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figure'7
X-ray data for Nb3Ge (ITI). The insert shows the (110)

peak of the A-15 phase in greater detail.
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(from chemical analysis, ~0.4 wt.%Z). In view of the close sim-
ilarity of the values of a  and T, with those of NbaGe(II)

Nb content of 76 + 1 at Z was assumed Except for the two po-
sitional parameters of hexagonal Nb5Ge3, the other parameters
and Debye-Waller factors of the impurity phases were fixed at
the values listed in Table III. Final parameter values are
listed in Table VII, together with observed and calculated in-
tensities. A Nb site occupation factor of about 47 (S, = 0.84)
was obtained, (this would be about 5% if the stoichiometric
composition were assumed), quite consistent with the value ob-
tained for Nb3Ge(II).

The long range order parameter of the irradiated material,
NbyGe(III), was measured at fluences of 5.8 x 1018n/cm2 1.6 x
1019n/cm and 2.5 x 1019n/cm , where Tc s of 13.0K, 8.3 K and
4.2 K (Fig. 5) and a_'s of 5.1524, 5.158% and 5.1744 (Fig. 6),
respectively, were obtained., Each measuremernt was done using
approximately 50 mg. of powdered (z2-400 mesh) Nb;Ge(III) mixed

with Si and packed in the Al sample-holder covered with a thin

(0.025 mm) Be foil. This latter was used to avoid eventual con-

tamination from the radioactive powder and because Be has a low
absorption coefficient and no peak overlap with the A-15 phase
of Nb,sGe. The background y-radiation of these irradiated mate-
rials was reduced by shielding the diffractometer counter and
using a monochromator. The refinement procedures were the same
applied to the unirraiiated material described previously (see

also Table VII). Part of the diffractometer scan for the most

5(
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TABLE VII

Least-squares parameters and intensities for Nb,_ Ge(III)
k 18 the percentage of Nb sites occupied by Ge, B

the Debye-Waller factor. T and H denote tetragonal
and hexagonal Nb5Ge3 respectively.

- H 3 o
Nb0.76Ge0.24 (a= 5.1415A, I, = 20.37K)

k (D 4.0 (6)
B (i) 0.7 (2)

Hexagonal NbSGe3 (a = 7.6510&, c = 5.33ﬁ)

Nb (2): x 0.256 (8)

Je: x 0.619 (7)
Phase hki Icalc Iobs (o)
A15 110 4.9 4.9, (0.35)
u 200 1.5 1.4 (0.5)
si 11 481.8 498.6 (25.0)
NbO 110 1.7 1.9 (0.6)
u 002 2.4 2.8 (1.0)
AlS 200 79.1
T 002 3.6 85.0 (5.0)
T 400 1.6
u 210 4.3 6.6 (2.0)
H 102 2.7
T 321 8.1 13.3 (3.0)
NbO m 2.7
T 112 0.2 2.8 (1.0)
T 330 1.6 2.9 (1.0)



Phase

hk£

TABLE VII(Cont'd)

0
4]
fu
o]

obs

(0)

j=
w

e B B B N e T - - - - -

Al5

-

320
410
213
402
631
532

550
602
640
413

321

400
622
721

400
313

331
712
552
204
642
820
331
420

411
330
224

420
511
323
332
304

404
802

wu

WOHOMMIMIEMKNOW

. PREEN
PoOPrVUORWNN®W

78.8

Fo3
OO w
[V, I

o w
o &
e
S Wk

OCOMENMNMOOO W

OWUEHENO O

[= NN
« .
O N

N
« o o

QOFHMFOOIMIM
.
QO N OWOoo WO

70.6

75.4

43.5

36.6

68.7

0.4

26.6

(7.1)

(7.5)

(6.5)

3.7

(5.0)

(0.6)

(4.0)

52



TABLE VII(Cont'd)

Phase hk4 cale Iobs (o)
AlS5 421 48.9

T 840 0.1

T 633 0.3

T 334 0.2 58.6 (7.5)
T 910 0.3

T 424 1.6

si 422 83.0

T 822 0.0 90.8 (9.1)
Al5 332 18.1 18.5 (3.0)
Al5 422 0.3

si 511 34.4

Ssi 333 11.5 46.1 (4.6)
H 521 0.7

T 842 0.7

R factor 0.043

Weighted R factor 0.068



54

heavily irradiated (2.5 x 1019 n/cmz) and the unirradiated
Nb3Ge(III) are shown in Fig. 8. From this figure we can see
that the neutron irradiated pattern has the A-15 peaks shifted
to lower angle with no line broadening (see right insets of
Fig. 8) while no lattice expansion were observed for the other
phases present. Although quite weak, the difference (110) peak
(left insets of Fig. 8) that was not visible in the x-ray films
can be clearly observed even in this significantly disordered
material. The final parameters for all the irradiations are
summarized in Table VIII and Fig. 9 gives how T, varies with
the amount of disorder, where we can see that Tc approach a
saturation before the order parameter goes to zero.

A diffractometer scan was also taken for the most heavily
irradiated material of Nb3Ge(I) (5 x 1019 n/cmz) and part of
this scan is shown in Fig. 10 together with the Nb3Ge(I) unir-
radiated. A large lattice expansion can be observed from the
A-15 peaks and now an expansion of the tetragonal NbsGe3 lattice
parameters is also observed (a = 10.20:0.01%, c = 5.1610.005&).@6
From the inset of Fig. 10we can see that the difference (110)
peak is already covered by the background statistics. The high
angle éeaks are broad and weak as observed from the x-ray films
and a value for the order parameter could not be obtained since
no difference peak was resolved, Tc at this fluence was (3.4 K)
essentially saturated.

Another chemical vapor deposited material, designed

NbyGe(IV), was with an unusually high a  of 5.2024 (Fig. 6)



Figure 8
X-ray data for Nb,Ge (III) irradiated (2.5%x10'°n/ecm?) and
unirradiated. The right insets show (400) reflection with
no line broadening. The decrease in the (11G6) peaks is

clearly visible (left insets).
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TABLE VIIT

Nbace(III) Neutron Irradiated

LRO Measurements

. 2 o (a) <2 (b)
fefend) TL®) AT a ) kD s, s, B(YH X

0 20.3 1.63 5.1415 4.0 0.84 ©0.79 0.7  0.12
0.002

5821018 13.0 2.05  5.152 6.0 0.75 0.71 0.7 0.18
0.003

1.6x10%° 8.3 1.29  5.158 8.2 0.66 0.62 0.2 0.25
0,003

2.5x101? 4.2 0.3 5.174  12.9  0.46 0.44 1.1  0.39
: 0.003

100x

(a) ~ k(%) = percentage of Nb sites occuppied by Ge(—g—— = k(2)).

(b) - X from (Nb3—xcex) [Ge is a measure of the order parameter.

l-x-ym’x-l-y:I ?

57



58

Figure 9
Superconducting transition temperature Tc' as a function

of the amount of disorder for Nb3Ge (III) neutron irradiated.
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Figure 10

X-ray data for Nb3Ge (I) unirradiated and irradiated

(5%x10'°n/cm?®). The inserts show the (110) peak

(unirradiated) and arrow indicate where this peak

should he for the most heavily irradiated material.
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and low T, of 3.5K (ATc = 0,4 K)(Fig. 5). It is interesting

to note that these parameters are very similar to those of

Nb4Ge irradiated until the saturation region, only obtained by

a different process. The diffraction pattern showed that this
material was contaﬁinated with about 3 wt.% of tetragonal
NbSGe3. One small additional peak was observed with a d-spacing
of 2,404 and an intensity 2 - 3% of that of the strongest A-15
peak. This could conceivably arise from a sub-oxide of Nb with
approximate composition Nb60(47) although no other peak charac-
teristic of this phase could be seen. Refinement of the A-15
intensities corrected for tetragonal Nb5Ge3 yielded a set of
occupation factors as a function of composition which are listed
in Table IX. Although there was not enough sample for chemi-
cal analysis, the high a, and low T, strongly suggest that the
Nb content is significantly higher than 83 at.%, and the results
summarized in Table IX are therefore indicative of little or
no occupancy of Nb sites by Ge.

In contrast to the depressions in T, due to annealing de-
scribed previously (Fig. 3), the Tc's for the neutron irradi-
ated samples were recoverable to close to the unirradiated
value by annealing. Fig. 11 shows the results for isochronal
annealing of Nb3Ge(I) which has been irradiated to three dif-
ferent fluences 7 x 1018, 2.6 x 1019 and 5 x 1019n/cm2 and for
which Tc of the unirradiated material (Tc = 20.2 K) had been
depressed to 12.3 K, 4.2 K and 3.4 K respectively. The data pre-

sented are for successive anneals on the same sample for periods



TABLE IX

Least-squares parameters for NbjGe(IV)(a = 5.202&, Te =
3.59K). k is the percentage of Nb sites®occupied by Ge,
B the Debye-Waller factor.

Assumed composition (at Z Nb)

84 86 88
k (%) 4.3 (4) 2.2 (&) 0.2 (&)
B (i%) 0.6 (1) 0.6 (1) 0.6 (1)

R factor = 0.019 Weighted R factor = 0.036

63



64

Figure 11

Isochronal annealing curve of Nb

three different fluences.

3Ge (1) irradiateq to
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of two hours at the temperature indicated. Very little recovery
of T, is seen in the temperature range 200°C to 400°C. Above
400°c recovery progress and the rate of recovery is less for the
lower fluences. The final values of T, at 750°C also depends
on the amount of damage, being lower for the highest fluence.®®)
The results of isothermal annealing of Nb3Ge(I) are shown
in Fig. 12, These data were obtained from a single sample irrad-

19n/cmz. The annealing temperature

iated at a fluence of 2.6 x 10
was chosen as 550005 which is approximately the temperature at
which the maximum rate of increase in T, occurred in the isochro-
nal anneals for this fluence. At this temperature the recovery
of Tc as a function of time is gradual, reaching about 60% of its
unirradiated value after 6 hours and 80% after 4 days.

A diffractometer scan was also taken for the Nb3Ge(I) sam-

19n/cm2 (see Fig.10) and isochronally

ple irradiated to 5 x 10
annealed until 750°C (point indicated by an arrow in Fig. 11) and
part of this scan is shown in Fig. 13. This sample has T, of
15.0K (AT, = 1.7K) and a, of 5.148 + 0.002i. An increase in the

~ amount of tetragonal NbgGe; and NbO and a decrease of NbO, were
also observed. This latter behavior is very similar to that ob-
served in the annealing study of NbyGe(II), and with these changes
in the amount of second phases the stoichiometry of the A-15 phase
is changed by 1.5 at.% (76 - 77.5 at.% Nb). The final parameters

for these two compositions are given in Table X . From these

results we can see that not only the lattice parameter but also
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Fiqure 12
Isothermal annealing of Nb3Ge (I) irradiated to a fluence
of 2.6x10'°n/cm?. Annealing temperature was 550°C and each
point represents successive anneals on the same sample for

time indicated. Error bars represents transition widths ATc.
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Figure 13
X-ray data for Mb,Ge (I) irradiated to 5x10'°n/cm? and

isochronally anneled until 750°c (point indicated by

an arrow in Fig. 11).
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TABLE X%

Nb3Ge(I) irradiated (gt = 5x1019n/cm2) and isochronally

annealed until 750°C ('1'c = 15.0K, a = 5.148 + 0.0024)

76 at.% Nb 77.5 at.% Nb
X 0.09 (2) 0.04 (2)
$a 0.88 (4) 0.94 (4)
Sp 0.83 (4) 0.82 (4)
B(A2) 0.4 (3) 0.4 (3)

Nb,Ge(I) unirradiated (T, = 20.2K, a_ = 5.143 # 0.0034)

76 at.7Nb

X 0.06 (2)
Sy 0.92 (3)
Sp 0.87 (3)

B(4%) 0.3 (2)




the long range order parameter is recovered with the recovery
of Tc'

Nb - Al: The A-15 phase in the Nb - Al system was first de-
scribed by Wood et al.(4$ and Corenzwit(SO) found it to be
superconducting at 18 K. Since then, several studies(l7'5']'"60)hi'ﬂVe
concerned themselves with the T, dependence on stoichiometry.
However, some conflicting results remain particularly with
respect to the width of the homogeneity range of the A-15

phase at high temperatures. From the different homogeneity
ranges proposed in the literatureb%Uﬂﬂﬂkhe two currently accept-
(40)

ed are those proposed by Lundin and Yamamoto and Sveshnikov

et al.(63) The niobium-rich side of these two phase diagrams
are shown in Fig. 14(full lines, Ref. 63 and dashed lines,
Ref.40 . According to Lundin and Yamamoto(4°) the A-15 phase
forms peritectically at 1960°C with a composition Nb75A125

from niobium solid solution (23.0 at.?% Al) and the liquid (32.0
at.% Al). The homogeneity range of the A-15 phase extends to
both sides of its stoichiometric composition. The maximum
solubility for this phase is 32.0 at.% Al at 1870°C on the alu-
minum-rich side and 17.5 at.% Al at about 1000°C on the niobium-
rich side. Sveshnikov et al.(63) report that the A-15 phase
forms by a peritectoid reaction (a’+ o) at 1730°C at a composi-
tion Nb74 Al,c. Here the homogeneity range is only half that of
Lundin and Yamamoto ranging from 26 at.% Al at 1730°C to 19 at.%

Al at 1000°C. As these two homogeneity ranges are so different
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Fiqure 14
Niobium-rich side of the Nb--Af phase diagram (full lines,
ref. 63 and dashed lines, ref. 40). Some of our results are

also represented.
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it i3 difficult to do any further studies in this system before
doing a careful analysis of the equilibrium phase diagram in this
region with well characterized samples. An attempt to accomplish
this is the first part of this study.

Between 17.4 at.7 Al and 29.4 at? Al, thirteen samples with
different compositions were prepared and submitted to a series
of heat treatments (sample preparation, heat treatment and cooling
techniques are described in Chapter II). The homogeneity and the
phases present in the samples were identified from x-ray films,
diffractometer scans, microprobe and metallographic analyses.
Some of the results are represented in Fig. 14. A strong depen-
dence on heat treatment with composition was observed. Annealing
a sample with a composition close to stoichiometry above 1800°C
for 3 to 5 minutes followed by a rapid quench resulted in a single
phase niobium solid solution. Heat treating this sample between
1800°C and 1730°C for 5 minutes followed by a rapid quench result-
ed in a niobium solid solution plus sigma phase (Nb, Al). The
same results were observed for a sample with 27 at.?% Al. The
weight loss analysis indicate that the small losses observed can
not account for the large change in composition necessary to ex-
plain these results. We also want to point out here that the
same samples annealed at these temperatures but cooled by radia-
tion show A-15 plus sigma phase with a trace or no niobium solid
solution. These results can be clearly understood in terms of

the equilibrium diagram proposed by Sveshnikov et a1.(63) but
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they are in disagreement with Lundin and Yamamoto where all these
samples should have been single phase A-15.

Long-term anneals at medium temperatures (1730° - 1000°C)
in off-stoichiometry Nb-rich samples showed A-15 or A-15 plus
niobium solid solution (Figs. 15-18) while close to stoichiometry
and Al-rich samples all show A-15 plus sigma (Figs. 19-22).
Direct cooling from the melt resulted in single phase A-15 mate-
rial only for a composition of 21.9 at.% Al. By appropriate heat
treatment single phase samples at 20.2, 23, and 23.2 at.7% Al
were also prepared. It can be seen from the micrographs of
Figs. 19-22 that the amount of sigma phase begins to increase
with increasing Al contend after 24.5 at.7 Al. This latter
sample contains about 67 of sigma phase resulting in a corrected
composition of 24.1 at.% Al. A great attempt was done to anneal
this sample and others close to stoichiometry (25.3 and 25.4 at.%
Al) in the region between 1700°C and 1730°C where Sveshnikov
et a1.(63) found a single A-15 phase. No success was obtained
as the sigma phase was observed to precipitate. This might be
due to the possibility that the stoichiometric composition is
metastable at low temperatures and the rapid quench technique
used here is not fast enough to prevent precipitations or the
stoichiometric composition does not exist at all in the equilib-
rium phase diagram of the Nb - Al system. According to these
results the homogeneity range of the A-15 phase extends from 20

at.? Al at 1030°C to about 24 at.% Al at 1730°C and is in much .
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Fiqure 15
: . o] en0
Nh31.3A218_7, annealed 8 days 1030°C + 1 week 750 C,
anodized (dilute citric acid, % sec.) + etched (HF 10%,
15 sec.), matrix - thc {blue); A-15 (pink), 400X.
Fiqure 16
. o) o
Nb79_8A£20‘2, annealed 42 hs, 1350°C + 1 week 750 C,
anodized (dilute citric acid, 5 sec.) + etched (HF 10%,

15 sec.); A-15, 400X.
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Figure 17
. ' o o
Nb78-1A221.9, annealed 17 hs. 1550°C + 1 week 750°C,
etched (Cr o3 + HF, 10 min.); A-15, 400X.

Figure 18
Nb,,A%,,; annealed 12 hs. 1650°C + 203 hs. 750°C,

etched (Cr o3 + HF, 10 min.); A-15, 400X.




Fig. 17

Fig. 18

80



81

Figure 19
Nb.. A%.,, «; annealed 10 hs. 1700°C + 1 week 750°C,
75.5 "24.5
anodized (dilute citric acid, 15 sec.), matrix A-15(light

blue) . o (pink), 400X.

Figure 20
Nb., ;Al,. 5 annealed 10 hs. 1720% + 1 week 750°C,
anodized (dilute citric acid, 4 sec.), matrix A-15 (light
blue), ¢ (pink), 400X.
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Figure 21
Nb,,AS,,; annealed 10 hs. 1730°C + 1 week 750°C, anodized
(dilute citric acid, 5 sec.), matrix A-15 (light blue), o
{pink), 400X.

Figure 22
. o . o
Nb70-6A229.4, annealed 10 hs. 1730°C + 1 week 750°C,
anodized (dilute citric acid, 5 sec.), matrix A-15(light
blue), o (pink), 400X.
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better agreement with the phase diagram proposed by Sveshnikov
et al.(63)than by Lundin and Yamamoto(40).
The superconducting critical temperature, Tc’ and the lat-

tice parameter, a_, were measured, and the results are summarized

o’
in Table XL 1In the arc-melted samples T, is nearly independent
of composition. This is probably due to inhomogeneities and
large amounts of second phases present in these samples, which
is very similar to the results obtained by sputtering and quench-
ing from the liquid state(ss). After a proper high temperature
heat treatment and a long time low temperature (750°C) anneal,
a strong Tc dependence on composition is obtained (2.6 K/at.% Al),
as can be seen from Fig. 23, T, is about 10.2 K at 18.7 at.% Al
and at 20.2 at.7% Al it starts to increase until 18.6 K at 24.5
at.% Al, and further increase in the Al content does not increase
(17,54,55,57)
T, further. Similar behavior has been previously observed.
Also shown in Fig. 23 is the lattice parameter of these same
samples, where we can see that a, decreases from 5.196 + 0.002i
at 20.2 at.% Al to 5.184 & 0.001i at 24.5 at.% Al and remains
unchanged with increasing Al content. From this To and a, depen-
dence on composition, we conclude that the homogeneity range of
the A-15 phase is restricted to 20.2 to 24.5 at.?% Al at 1730°C
in agreement with the previous metallographic results (Figs.15-22),
The low temperature anneal normally increases T, about 1 K

in the samples cooled by radiation from high temperatures with

a negligible or small decrease (<0.02%) in a, while no changes




Composition

Summary of Data for A-15 Phase of Nb-Al

Heat Treatment

T

el Tc3 ATc ao Remarks
Nbg, JALg 5 As Cast 16.71 15.35 1.76 N.M. A-15H¥b
Nbg, Al o 5 10 min. 1730°C+24 hrs 11.93 10.23 1.09 5.196 A-15Hb
’ : 1240°C+48 hrs 725°C . £0.002
Nbog oAlys 5 As Cast 16.79 13.94 1.32 N.M, A-154b,
Nbsg Alyg 5 42 hrs 1350°C+l week 15.84 10.46 3.59 5.196 A-15
. y 7500C £0.002
Nbyg 1ALy g As Cast 17.27 16.42 1.33 N.M, A-15
Nbyg 1ALy) g 17 hrs 1550°C+l week 17.52 14.94 3.56 5,191 A-15
. : 7500C +0.001
Nb, AL, , As Cast 17.18 17.09 0.11 N.M. A-154C
Nb,,AL,, 12 hrs 1650°C+203 hrs 18.66 17.71 1.36 5.186 A-15
750°C ° , o +0.001
Nb,o oAl o As Cast 17.45 17.34 0.11 N.M. A-15+0
Nb,o cAly, o 10 hrs 1700°C+1 week 18.67 18.60 0.11 5.184 A-1540
: . 750°C +0.001
b, Alys 4 As Cast 17.37 17.17 0.23 N.M, A-1540
Nb,, sAlyc o 10 hrs 1730°C+l week 18.75 18.61 0.19 5.183 A-1540
' * 750°C +0.001
Nb, AL, As Cast 17.52 17.02 0.61 N.M. A-1540
Nb,AL, 10 hrs 1730°C+1 week 18.67 18.49 0,30 5.184 A-154C
750°C +0.001
Nb,o ¢Alyg 4 10 hrs 1730°C+1 week 18.67 18.44 0.34 5.184 A=154G
. . 7500C +0.001

N.M, ~ Not Measured

98
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Figure 23

Superconducting transition temperature, Tc’ and lattice

parameter, a,, vs. composition for the Nb-Af system.
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in the amount of second phase were observed at these tempera-
tures (750°C). However, fast quenching from high temperatures

a sample with 25.4 at.% Al, depressed T, by 2.4 X (from 18.5 -
16.1 K) and increased a, by 0.06%. Annealing this latter sample
for 6 days at 750°C recovered both T, and a, to the original
pre-quenched value.

Diffractometer scans were taken in several of these sam-
ples, and a typical spectrum is shown in Fig. 24, This sample
(23 at.% Al) was annealed 12 hours at 1650°cC plus 203 ﬁours at
750°C and had a T, of 17.7 K and a_ of 5.186 * 0.0014 and is
single phase as can be seen from the figure. For the least-
squares refinement of the integrated intensities of this sample
it was necessary to take an average intensity for each peak
aftef five scans due to preferred-orientation effects. These
effects were observed in other compositions and probably came
from the large grain size of these arc-melted samples (~ 100u)
(see Figs.1l7 and 18).

The final parameters are summarized in Table XII, together
with observed and calculated intensities. As indicated by the
occupation factor k there is no Nb site occupied by Al and the
sample is ordered to the maximum value permitted by the compo-
sition (Sz = 0.89 + 0.02).

The effect of high energy neutron irradiations on T, of
Nb - Al for different compositions is shown in Fig. 25 and the

data are summarized in Table XIII. These samples received a
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FPiqure 24

X-ray data for an 77A20 23
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TABLE XII

Least—-squares parameters and intensities for Nbo 77A10 23
(a = 5.186.7&, Te = 17.7 °K). k is the percentage of Nb
sites occupicd by Al, B the Debye-Waller factor.

k (%) ~0.2 (7)

B (i) 0.4 (2)
Phase hki Icalc Iobs (o)
A15 110 34.5 36.7 (3.5)
si 111 65.0 66.1 (3.5)
A15 200 28.9 27.7 (3.5)
Al5 210 185.0 173.5 (25.0)
Al5 211 63.3 66.3 (4.5)
st 220 42,2 39.5 {4.5)
Al5 220 4.8 5.9 (1.0)
y 1 2.3 0.1 @0
Al5 222 26.3 29.5 (4.5)
Al5 320 39.0 35.8 (3.5)
Al5 321 31.1 32.7 (4.0)
st 400 6.3 6.8 (1.0)
A15 400 19.2 14.2 (2.0)
st 331 9.3 9.5 (1.5)
g W 2 o ao
A15 420 8.7 9.4 (1.0)

Al5 421 36.0 40.3 (5.0)



TABLE X1 (Cont'd)

Phase hk4 cale Iobs (o)
AlS 332 7.6

si 422 12.6 23.8 5.0
Al5 422 1.7 1.6 (1.0)
si 333 1.8

si 511 5.3 7.1 (1.0
15 510 1.6

RE P 35 4.8 (1.0)
Al5 432 26.6

A15 520 13.3 42.1 (3.5)
si 440 4.5

A1S © 521 11.6 13.5 (1.5)

R factor 0.069

Weighted R factor 0.084

93
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Figure 25
Superconducting transition temperature, Tc’ vs. composition
of Nb-Af unirradiated and irradiated to different neutron

fluences (E > 1 MeV). The samples with more than 24 at.% A%

contain o phase.
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TABLE XIII

Summary Data of Neutron Irradiated Nb-Al

Wogy sl , O Mo ghlyy , ) Moyg ghly o O
bt (n/ cmz) T, T4 AT "a, T, T.q AT, a Ty T.3 ot a
0 11.75  10.15 1.49 5.19620.002  17.55 13.10 4.35 5.193:0,001  17.60 16.37 3.15 5,188+0,001
w0 1160 977 1.96 - 17,21 12.23  4.74 - 16,73 15.60 2.62 -
2.5x10°%  10.26 8.78 1.36 5.201~:o:002 15.87 11.33  3.44 - 15.71  14.28  2.24 -
5.0x100% 7072 7.32 0.37 5.204:0.002 12.03  8.68 2.78 - 12.10 11.18 1.28 -
1721017 4.96 471 0.18 5.2105£0.002 - - - - - - - -
2.5x10"% 4,58 4,28 0,25 5.210£0.002 4.72  4.51 0.20 - . - - -
somet® - - - s5.2105:0.002 - - = 5.2095:0.001 - - = 5.205550.001
1.0x102% 402 3.56 0.40 " 4,56 3,72 0.69 - - - - -

(a) ~ anneal: 10 min. 1730°C + 24 hrs 1200°C + 48 hrs 725°C (A-15 + Mbg)

(b) - anneal:

10 min. 1720°C + 10 hrs 1410°C + 48 hrs 750°C (A-15)

(c) - anneal: 10 min. 1740°C + 5 hrs 1500°C + 48 hrs 725°C (A~15)
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different heat treatment than those of Table X1I(Fig. 23) and a
small increase in the ;ﬁount of second phase and inhomogeneity
were observed. Since the T, and a dependence on composition
differs only slightly from the previous results, we can assume
that the stoichiometry of these samples has not changed signif-
icantly. The upper curve of Fig. 25 represent the Tc's aof the
unirradiated samples and the lower the irradiated, in terms of
increasing fluences. In each of these curves, all samples with
different compositions were irradiated at the same time, to
insure they received the same neutron dose. From this figure

we can see that T, decreases for all compositions with increasing
fluence but the rate of depression of T, is more pronounced as
we approach stoichiometry. For example, a sample with 23.2 at.7%
Al has its T, of 18.29K decreased to 13.16K after a fluence of
5.8 x 1018n/cm2 while an off-stoichiometry with 18.7 at.% Al

has his T, of 10.15K decreased to only 8.78K after the same
neutron dose. At high fluences (1.0 x 1020n/cm2) all compositions
reach essentially the same T (~3.5K), which is shown by a hori-
zontal line in Fig. 25. It is also interesting to note that the
rates of depression of T, are the same for samples with more than
23.2 at.% Al which confirms the previous metallographic result
that these samples have actually a composition close to 24 at.%
Al. Figure 26 shows the same data as a function of fluence for
different compositions. Here, we can more clearly see some of

the previous observations (Fig. 25), especially the large satu-
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Figure 26
Superconducting transition temperature, Tc' agqainst neutron
fluence (E > 1 MeV) for various compositions in the Nb-Af
system. The samples with more than 24 at% AL contain g phase.

This figure also shows the results for pure niobium neutron

irradiated.
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2

ration region above 4.7 x 1019n/cm, which is common for all

compositions. Also included is the data from Sweedler and Cox (6
for neutron irradiated Nb,, A126' We see that these data fits
very well the curve given by the samples with compositions higher
than 23.2 at.% Al (upper curve of Fig. 26). This figure also
shows the results for pure niobium where no depression in T, was
observed up to 4.7 x 1019n/cm2. It is interesting to note,
although no decrease in T, was observed, a decrease in the tran-
sition widths occurred from 0.29K (unirradiated) to 0.09K at
4.7 x 1019n/cm2.

The superconducting transition widths, AT,, for Nb - Al
(Table XITI) show, as a general trend, a small or negligible
increase at low fluences but a significant decrease is observed
at high fluences. Further increases in fluences, in the satur-
ation region, seems to increase again the widths. The initial
rather random variation of the width in some of these samples
may be associated with the inhomogeneities in the starting
materials,

The lattice parameter, ay» of the irradiated samples are
given in Figs. 27 and 28.Fig. 27 shows the lattice para-
meter of the unirradiated and irradiated samples at 4.7 x 1019
n/cm2 for different compositions and Fig. 28 shows how a_
expands as a function of fluence for 26(64) and 18.7 at.% Al.
From these two figures we see that for a given fluence the

lattice parameter is expanded by a constant factor in all the
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Figure 27

Lattice parameter, a_, vs. composition for Nb-~Al

o
unirradiated and irradiated to 4.7x10!°n/cm?2,
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Figure 28

Lattice parameter, a,, against neutron fluence (E>1 MeV)

for samples with 18.7 and 26 at.% A%.
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compositions (Fig, 27 ) and that the a, dependence on fluence
is the same for different compositions (Fig. 28), These be-
haviors of a, are in great contrast with those of T, shown in
Figs. 25 and 26 .

From the Debye-Scherrer x-ray patterns we observe that the

intensities of all the difference lines decrease with increasing

2

fluence and .after a fluence of 4.7 x 1019n/cm all the difference

lines could no longer be observed in the x-ray films, except the
(110) line which is the most intense of the difference lines.
These observations cannot be attributed to the fact that these
lines were overshadowed by the increase with fluence of the
y-radiation background as other structure lines with calculated
intensities equivalent or smaller than the difference lines,
like the (420) line, were clearly visible even at high fluences
where these difference lines could not be observed. This de-
crease in intensity of the difference lines with fluence imply
a decrease in the long-range order parameter, which has also been
measured in this system.(64) In contrast to the Nb3Ge observa-
tions, no line broadening was noted even in the most heavily ir-
radiated samples. Also, no large lattice expansions were ob-
served at high fluences (see Fig. 28).

An x-ray film was also taken for pure Nb irradiated to
1.5 x 1020n/cm2. This film showed that the b.c.c. lattice
parameter of Nb did not change at this fluence but a clear broad-

ening of the high angle lines was observed,
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Fig. 29 shows how T, of three samples with different
compositions (18.7, 20.2 and 23.2 at.% Al) irradiated to a
fluence of 4.7 x 1019n/cm2, recovers with an isochronal anneal.
All three samples had a similar T, at 4.7 % lolgnlcm2 and were
annealed at the same time during the two hours isochronal anneal.
From Fig. 292 we can see that there is nearly no recovery of T,
below 400°C and at this temperature and above the rate of re-
covery of T, is similar for all compositions. At higher temper-
atures (>575°C) the curves split and the T.'s of the samples
tend to the original unirradiated values. At 800°C, T, is not
only completely recovered, but also show some enhancements with
respect to the unirradiated material, of more than 1K in some
cases. An unirraciated sample with 20.2 at.% Al received the
same isochronal anneal as the three irradiated sample and no
change in T, or AT, were observed until 800°C, which may indicate
that some radiation enhancement of diffusion(aahad taken place.
The transition width, AT, of the three irradiated samples, quite
narrow (~0.5K) after a fluence of 4.7 x 1019n/cm2, begin to
broaden above 500°C and then narrowed as T approached the final
value. The width at 800°C was close to the unirradiated value.

In Fig. 30 _we present the isochronal amneal of a sample
with 26 at.% Al irradiated at a fluence of 5 x 1019n/cm2 where
To and a  were measured for the same sample during the anneal.

The results are presented in percentage of recovery for a direct

comparison. From these results we can see that the lattice
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Figure 29
Isochronal aznnealing curve for neutron irradiated samples of
Nb-Af with different compositions. Note enhancement of To -

with respect to unirradiated value.
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Figure 30
Percentage recovery of the lattice parameter, ao, and transition
temperature, Tc, as a function of isochronal anneals for neutron

irradiated Nb74A226.
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parameter is also recoverable as T, is but the rate of recovery
is different than T,. For example, the lattice parémeter
recovers 15% and 50% at 300°C and 500°C respectively, while T,
recovers only 17 and 23% at these same temperatures. These
results may reflect the lack of correlation of a, with T, for
irradiated materials,

Nb- Pt: In most of the high-T, Nb-base A-15 compounds such as
Nb-Ge and Nb-Al, single phase, homogeneous samples are difficult
or impossible to prepare over a wide composition range, and are
generally restricted to the Nb-rich side of stoichiometry. How-
ever, Waterstrat and Manuszewskiezb, recently have investigated
the phase diagram for the Nb-Pt system and have reported a broad
homogeneity range for the A-15 phase extending from 19 to 28
at.7 Pt at high temperatures. As T, for Nb,Pt has been reported

to be between 10-11R(ll’67:68)

and the homogeneity range encompasses
both sides of stoichiometry, Nb-Pt is an excellent choice for a
systematic study of the effects of composition and order on the
superconducting properties of these compounds.

' Here, an attempt has been made to determine the effects of
both composition and ordering on the T, and lattice parameter in
the Nb-Pt system. The effects of ordering at different composi-
tions have been investigated by measuring the long range order
parameter of samples with different heat treatments and using

the disorder produced as a result of irradiation with high ener-

gy neutrons coupled with isochronal anneals.



113

The composition of the samples investigated ranged from
19 to 29.1 at.%Pt in 1 at.% steps. After casting, the samples
were subjected to a high temperaturs heat treatment at 1800°C
for 12 hours followed by a low temperature anneal at 900°C for
10 days. Selected samples were also annealed at 900°C for pe-
riods up to 40 days, and others were rapidly quenched from
1800°C into liquid Ga or splat cooled from the melt. The heat
treatments for each composition are summarized in Table XIV
with the corresponding Topo To3» AT, and a, values. The homo-
geneity range of the A-15 phase was found to extend from 19.5
at.%.Pt at 1900°C to 29.1 at.%Pt at 1800°C, in good agreement
with Waterstrat and Manuszewski. The two end members of nomi-
nal compositions 19 and 29.1 at.%Pt were found to contain about
5 wt% of Nb-rich bece phase (correctad composition 19.5 at.7%Pt)
and 1 wt% of ¢ phase respectively. No impurity phases were de-
tected in any of the other samples.

T. is shown as a function of composition for various heat
treatments in Fig. 31l. There is a roughly linear decrease in
T, on both sides of the stoichiometric composition with an av-
erage slope of about 1.5K per at.7 for those samples receiving
a high temperature plus low temperature anneal, with a pronounced
peak at the stoichiometric composition. For samples annealed at
1800°C for 12 hours without a subsequent 900°C anneal, roughly
the same trend is seen, with the exception of the stoichiometric

material where T, is significantly lower. It is also interest-

ing to note that for compositions on the Pt-rich side of




TABLE X1V

SUMMARY OF DATA FOR THE A-15 PHASE OF Nb-Pt
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Sample T ,(K) @ T . (K) ® AT _(K) (© a_ (&) @
c2 c3 c o Remarks
Nbgy sPt;g s  2.40 2.35 0.11 5.1790  AL5+5%42 (k)
Nb79Pt21 3.89 3.57 0.63 5.1725 Al5 (j)
Nb,gPt,y, 4.26 4.14 0.22 ALS (e)
Nb79Pt21 5.77 4.75 1.62 5.1725 Al5 (£)
Nb79Pt21 7.99 6.15 3.5 5.1715 Al5 (h)
Nb77.9Pt22.1 5.96 5.75 0.40 Al5 (e)
Nbyy gPtyy 1  7.29 6.36 1.46 5.167  Al5 (f)
Nb76.9Pt23.1 7.43 7.34 0.18 Al5 (e)
Nb76.9Pt23-1 7.59 7.45 0.22 5.1635 Al5 (f)
Nb75.9Pt24'1 7.24 6.80 1.64 Al5 (3)
Nb75.9Pt24.1 8.24 8.19 0.10 Al5 (e)
Nb75‘9Pt24.1 8.34 8.29 0.10 5.1590 Al5 (f)
Nb75’9Pt24.1 8.78 8.48 0.60 AlS5 (g)
Nb75.9Pt24.1 9.13 8.62 0.89 Al5 (i)
Nb74.9Pt25.1 7.38 7.13 1.38 5.1555 Al5 (3)
Nb74.9Pt25.1 9.10 9.03 0.13 Al5 (e)
Nbs, oPtys ; 10.87 10.67 0.31 5.1545  Al5 (f)
Nb74.9Pt25'1 11.03 10.87 0.30 Al5 (g)
Nb74.9Pt25'1 11.02 10.81 0.33 Al5 (1)
Nb74.9Pt25.1 7.12 6.13 2.69 AlS (splat cooled)
Nb74Pt26 8.42 8.28 0.28 AlS (e)
8.68 8.57 0.21 5.1515 Al5 (£)

Nb;,Ptoe
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TABLE X1(Cont 'd)

(a) (b) (c) . (d)

Sample TcZ(K) Tc3(K) ATC(K) ao(A) Remarks
Nb,,Ptye 8.73 8.56 0.35 Al5 (g)
Nb,, Pty 8.65 8.51 0.26 Al5 (i)
Nb, 4Pt 7.34 7.27 0.13 Al5 (e)
Nb,3Ptyy 7.30 7.30 0.15 © 5.1475 Al5 (f)
Nb72Pt28 6.11 5.97 0.28 Al5 (e)
Nb,,Pt,g 6.11 6.00 0.23 5.144 Al5 (f)
Nbso . gPtyg 1 5.17 4.70 0.47 Al5 (5,1)
Nb,o gPtyg 1 5.}9 5.07 0.23 Al5 (e,l)
Nbsg oPtog 1 5.26 5.12 0.25 5.1405 Al5+1%c (£,1)

5.28 5.13 0.28 Al5 (h,1)

Nbsg . gPtag 1

Key
a) Onset of transition, Tc2'

b) Midpoint of transition, T,3.

c¢) Transitcion width, ATc(=Tc2-Tc4).

d) Accurate to £0.0005i except where 3 places are given, then
accurate to +0.0014.

e) 1800°C/12 hours.

£) 1800°C/12 hours + 900°C/10 days.

g) 1800°C/12 hours + 900°C/20 days.

h) 1800°C/12 hours + 900°C/30 days.

i) 1800°C/12 hours + 900°C/40 days.

j) Rapid quench from 1800°cC.

k) 1900°C/3 hours + 900°C/10 days.

1) No o phase detected on Debye-Scherrer films.
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Figure 31
Superconducting transition temperature midpoints, Tc’ vs.
composition for the A-15 phase of Nh-Pt. Solid lines are

guide the eye.

1800°C for 12 hous plus 900° for 10 days

1800° for 12 hours.

- rapidly quenched from 1800°.

a4 0 <> 0 9o
0
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-
!

A - splat cooced from melt.



117

id % 10
(01 8¢ 9¢ e éé 0¢ 8l

O M O N O O <« M

(1) 21

3}

Fig.



118

stoichiometry the 10 day low temperature anneal has little or
no effect on T, while on the Nb-rich side a slight increase in
Tc is observed. However, at the stoichiometric composition a
substantial increase of about 1.6K is observed. Further anneal-
ing at 900°C for up to 40 days resulted in a significant in-
crease on the .Nb-rich side but not close to stoichiometry or on
the Pt-rich side. For samples rapidly quenched from 1800°C the
Tc's are consistently lower than in the case of those receiving
high temperature anneals, but nevertheless the same general
trend is followed. Finally, the effect of splat cooling from
the melt results in a T, of 6.2K, about 4K lower than that of
the annealed material.

The lattice parameters for the samples annealed at 180¢°c
for 12 hours plus 10 days at 900°C are shown in Fig. 32. From
this figure we can see that a, decreases with increasing Pt
concentration and shows a break in the slope at stoichiometry.
This is because the Nb and Pt sites are not crystallographically
equivalent, and that the Pt radius (1.374) is smaller than that
of Nb (1.514).

The quenched samples showed a small or zero lattice expan-
sion (Table XIV), The Debye-Scherrer x-ray films of all the as-
cast samples did not show the high angle lines (above the (611)
line) or else they were considerably broadened; samples with
19 at.%Pt and more than 24 at.%Pt also showed evidence of sec-
ond phase(aa. After high temperature heat treatment all samples

showed very sharp high angle lines (up to 622) with aq and ay
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Figure 32

Lattice parameter, a_, vs. composition for the A-15

(o}
phase of Nb-Pt. Open circlas are experimentally
determined data points for samples annealed at
1800°C for 12 hours plus 930°C for 10 days. Solid

curve is least squares fit to modified Geller model.
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splitting well resolved and no evidence of second phase. except
for the sample with 5 wt.?% of bec phase.

The long range order parameter was obtained from the stoi-
chiometric material and two other compositions, 29.1 and 21
at.%Pt, after annealed at 1800°C for 12 hours plus 10 days at
900°C. Data were also collected from a sample with 21 at.%Pt
which had been given a long term anneal of 30 days at 900°C
following a 12 hour anneal at 1800°C (designated Nb79Pt21(II)).
Except for 29.1 at.%Pt, the samples were mixed with high purity
Si powder. Lezast square refinement of the integrated intensity
data in each case was carried out with three variable parameters
for the A-15 phase; an occupation parameter x as defined by the
formula (Nb3-thx)[Ptl-x-bex+y]' an overall Debye-Waller factor
B, and an instrumental scale factor. Scattering factors for
neutral atoms aad appropriate dispersion corrections were ob-
tained by interpolation of published values(n” between 0.051“1'1
intervals of sin 6/A. The results of these refinements are
listed in Table XV. The accuracy of S determined in this way
is about +0.03.

It is evident that the three materials which had been given
the normal annealing treatment, 12 hours at 1800°c plus 10 days
at 900°c, are highly ordered, the amount of residual disorder
being about 5% if the disorder due to nonstoichiometry is dis-
regarded. The small negative value obtained for x in the sam-
ple of Nb79Pt21(II) which had been annealed for 30 days at

900°¢ obviously has no physical meaning and implies that more



TABLE XV
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Results of Least-Squares Refinement of X-ray Diffractometer
Data for Some A-15 Phases in the Nb-Pt System

Nbsg.9Ptag 1  Nbyy gPtys 1 NbygPtyy (I)  Nb,gPty, (II)
0.185(14) 0.036(9) 0.051(9) ~0.019(9)
0.4(1) 0.3(1) 0.5(1) 0.4(1)
0.79 0.96 0.92 1.03
0.96 0.96 0.73 0.77
0.052 3.049 0.043 0.051
0.075 0.056 0.061 0.057
5.1 10.7 4.8 6.2
5.1405 5.1545 5.1725 5.1725




123

realistic errors in x would be about double the statistical ones.
This could easily arise from uncertainties in the scattering
factors or an oversimplified model for the Debye-Waller factor.
Nevertheless, the relaclve values of x for the two samples of
21 at.%Pt certainly suggest that the previously noted increase
in T, of about 1.5K following the prolonged anneal results from
the elimination of a samll amount of residual disorder.

The effect of high energy (E>1MeV) neutron irradiations on
T, of Nb-Pt for different compositions is shown in Fig. 33 and
the data are summarized in Table XVI, These irradiated samples
are the same’'shown in Fig. 31, annealed 12 hours at 1800°C plus
10 days at 900°C. The upper curve of Fig. 33 shows the T, of
the unirradiated samples and the lower the irradiated, in terms
of increasing fluence. In each of these curves, all the samples
were irradiated at the same time to insure that they received
the same neutron dose. A decrease in T, is observed for all
compositions with increasing fluence and also that the depres-
sion in T, is less pronounced as we departure from the stoichio-
metric composition. At fluences higher than 2.6 x 1019n/an2
all compositions approach the same T, (~2.4k), as shown by the
horizontal line in Fig. 33. Figure 34a and b show the same data
as a function of fluence for different compositions; in Fig. 34a
we have the Nb-rich side of stoichiometry and in Fig. 34b the
Pt-rich side. Here, we see more clearly some of the previous
observations (Fig. 33), especialliy the saturation region above

2.6 x 1014n/cm2, common for all compositions.
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Figure 33

Superconducting transition temperature, Tc’ VS,
composition of Nb-Pt unirradiated and irradiated

to different neutron fluences (E > 1 MeV).
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Figure 34a.

Superconducting transition temperature, Tc' as a function
of neutron fluences (E > 1 MeV), for the Nb-richk side of

stoicniometry in the A-15 phase of Nb-Pt.
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Figure 34b.

Superconducting transition temperature, Tc, as a function
of neutron fluence (E > 1 MeV), for the Pt-rich side of

stroichiometry in the A-15 phase of Nb-Pt.
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These results for single phase samples encompassing both
sides of stoichiometry show surprisingly the same general char-
acteristic as previously observed for the Nb-rich side of the
Nb-Al system where some second phase was present. Another in-
teresting fact that occurs in the Nb-Pt system is that by
changing the composition to 19 at.%Pt (sample with 5% bcc phase
and corrected composition: 19.5 at.%Pt) the same Tc for the
neutron irradiated sample at the saturation region is obtained.
This latter observation is essentially the same noted in the CVD
Nb,Ge(IV) material prepared with an unusually low T,-

The transition widths, ATc, for Nb-Pt (Table xv) show, as
in Nb-Al, a small or no increase at low fluences aad a decrease
at high fluences.

The lactice parameter, a,, of the irradiated samples are
shown in Fig. 35a and b. Fig. 35a shows the lattice parameter
0l9

of the unirradiated and irradiated samples at 1.44 x 1 n/cm2

for different compositions and Fig. 35b shows how a, expands as
a function of fluence for 23.1, 25.1 and 27 at.%Pt. From these
two figures we see that for a given fluence the lattice para-
meter is expanded by a constant factor in all compositions
(F1g. 35a) and that the a, dependence on fluence is the same for
different compositions (Fig. 35b). This behavior of a  for both
sides of stoichiometry of Nb-Pt is similar to that observed in
the Nb-rich side of Nb-Al.

The lattice parameter of the sample with 25.1 at.%Pt after

being irradiated to a fluence of 5.8 x 1018n/cm2 shows an
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Figure 35a.

Lattice parameter, a, s as a function of composition, for

Nb-Pt unirradiated and irradiated to 1.44x10!°a,/cm?.
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Figure 35b.

Lattice parameter, a,- as a function of neutron fluence,

for Nb-P:t alloys in the A-15 phase field.
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increase of 0.06%. The Tc of this irradiated sample (7.04K) is
the same as that observed in this same sample after being rapid-
ly quenched from high temperatures (7.13K) where an expansion in
a, of only 0.02% was measured which again suggests the lack of
correlation of a, with Te:

From the Debye-Scherrer x-ray patterns we odxserve that the
intensities of all the difference lines decrease with increasing

019 2 all the difference

fluence and after a fluence of 2.6 x 10" "n/cm
lines could no longer be observed in the x-ray films. This could
not be attributed to the increase of the y-radiation background
as other sctruccture lines with intensities equivalent or smaller
than the difference lines, like the (222) line, were clearly vis-
ible even at high fluences where the difference lines could not
be observed. This decrease in intensity of the difference lines
with fluence imply a decrease in the long range order parameter
which was confirmed by the LRO measurements in some of the irra-
diated samples. These observations proved to be a useful tool
for a quick qualitative observation of the decrease in the LRO.
Here, as in the Nb-Al system, no line broadening was noted even
in the most heavily irradiated samples. Also, no large lattice
expansions were observed at high fluences (Fig. 35b).

The long range ordar parameter of the irradiated stoichio-

ol8 2

metric sample was measured at fluences of 5.8 x 10°"n/cm” and

1.46 x 10%/cm? with T, of 7.04K and 3.54X and a_ of 5.1575i

and 5.1610&, respectively, were obtained. The data collection

and the refinement procedures were the same as described
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previously. The final parameters are summarized in Table XVII,
and Fig, 36 shows how Tc varies with the percentage of Nb sites
occupied by Pt atoms. Fig. 36 also includes the LRO measure-
ments of Flukiger(ll) in a samples with composition close to
stoichiometry quenched from different temperatures with differ-
ent cooling rates. From this figure we can see that the T, de~
pression with increasing disorder for these two processes
(irradiation and quenching) are quite similar, even though no
low T, data exists for the quenched samples due to the limits of
this technique.

Figures 37 and 38 show hLow T, recovers with the isochronal
anneal for three samples with compositions 23.1, 25.1 and 27

19 2

n/cm” and also the

19

at.%Pt irradiated to a fluence of 1.44 x 10
sample with 27 at.%Pt irradiated to 2.6 x 10 n/cmz. From these
figures we can see that Tc begins to show recovery only above

400°C independent of composition or fluence, as observed pre-
viously in the Nb-Ge and Nb-Al samples. However, here the rate

of recovery is less pronounced as in the Nb-Ge and Mb-Al.

V-Ga: For the V-base A-15 compounds V-Ga has the largest range

of homogeneity and one of the highest critical temperatures
(~15.5K). The phase diagram of this system is well known prin-
cipally by the work of van Vucht et. a1.(7°) and with the A-15
phase studies in more details by Das et al.(43) and Flukiger

et al.(71). The superconducting properties of the A-15 phase of
this system have been the subject of several investigatioé:&44'w}q4)
and the purpose of this study was to study the A-15 phase of

V-Ga in a similar menner to the Nb-Al system as escribed

previously.
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TABLE XV1X

SUMMARY DATA OF LRO MEASUREMENTS ON
Nbo, o Pt,s ; NEUTRON IRRADIATED

UNIRRAD. 5.8x10°n/cm? 1.44x10"7n/cm?

X 0.036(9) 0.094(14) 0.311(13)
B(i%) 0.3(1) 0.34(1) 0.59(15)

SA 0.96 0.87 0.58

Sg 0.96 0.88 0.59

R 0.049 0.C80 0.145

Ry 0.056 0.071 0.114

T (K 10.63 7.04 3.54

a, (i) 5.1545 5.1575 5.1610
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Figure 36

Superconducting transition temperature, Tc, as a function
of the percentage of Nb sites occupied by Pt atoms. Circles

and squares represent respectively, radiation-inducéd and

thermally-induced disorder(ll).
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Figure 37

Isochronal annealing curve showing the recovery of Tc for
two Nb-Pt alloys irradiated to a fluence of 1.44x10!°n/cm?.
Lattice parameters are also given. Upper circles represent

TC onsets, and vertical bars indicate transition widths

(10-920%).
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Figure 38

Isochronal annealing of Tc for Nb73Pt27 neutron
irradiated to two different fluences. Upper circles

represent Tc onsets, and vertical bars indicate

transition widths (10-90%).
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In the homogeneity range of the A-15 phase (21-31.5 at.%
Ga(43)) several samples with differcnt compositions were pre-
pared. After casting, these samples were heat treated for 6
hours in the V-rich solid solution field, at 1460°C, to homo-
genize the alloys. The samples were then retransformed to the
A-15 structure by annealing for 24 hours in the A-15 field
(1100°C-1200°C), and finally annealed at low temperatures (650°C)
for one week, with these treatments homogeneous single phase
(>95%) A-15 samples were obtained. The complete heat treatment
for each composition is summarized in Table XVIII together with
their Tcl' Tc3, ATc and a,. The superconductirg transition
temperature, Tc3’ and the lattice parameter, ag» for the anneal-
ed samples are shown in Fig. 39, as a function of at.%Ga. From
this figure we can see that Te is a maximum at the stoichiomet-
ric composition and decreases on both sides of stoichiometry
with an average slope of ~1.5K/at.%Ga. It is interesting to
note that the same slope was also found in the Nb-Pt system,
however, the sharp peak in T, at scoichiometry observed in the
Nb-Pt does not occur in V-Ga.

From the lattice parameters of these annealed samples, shown
in Fig. 39 we can see that a, increases with increasing Ga con-
centration, where in Nb-Pt a decrease was observed. This is be-
cause the Ga radius (1.384) is larger than the V(1.31i). A
break in the clope at stoichiometry was also observed, as in Nb-

(42 A3)

Pt, and previously noted in this system -The T, and a, de-

pendence with composition are in good agreement with previous



TABLE XVIII

Summary of Data for A-15 Phase of V~Ga
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COMPOSITION HEAT TREATMENT T T AT a REMARKS
. cl c3 [ )

V29.5%8,0 5 As Cast 14.16  11.05 3.69  N.M.  A-15H¥b.,
Y79.5%320.5 2 hrs 1400°C+48 hrs 1150°c+  9.92  9.74 0.22 268331 A-15+0b
+ 1 week 650°C *

V77 8G822 2 As Cast 14.30 12.19 3.49 N.M. A-~15
4.815
V,, .Ga 6 hrs 1400°C+24 hrs 1200°C+ 12.85 12.41 0.45 A-15
77.8%22.2 [ et eeoon £0.001
V76.4Ga23 6 As Cast 14.21 14.15 0.08 N.M. A-15
Vo 40ay, ¢ 6 hrs 1400°Cs24 hrs 1200°C+ 15.42  14.80  0.48 268381 A-15
. ’ +1 week 650°C *
V75.2Ga24 8 As Cast - - - N.M. A-15
V,s 08y, g 6 hrs 1400°C+48 hrs 1170°C+ 15.46 15.31 0.23 - A-15
. . +1 week 650°C
V2475255 5 As Cast 14.31 14.16 0.27 N.M.  A-15
4 8185
V., .Ga 6 hrs 1400°C+24 hrs 1200°¢c  15.53 14.28 1.30 't A-15
74.77%25.3 0 T2 ec0oc 40.001
‘.773.5Ga26 5 As Cast 14.22 14.06 0.27 N.M. A-15
Vs B8y, 5 6 hrs 1400°C+24 hrs 1150°C+ 15.32 12.98  0.90 ibaégi A-15
‘ ’ +1 week 650°C :
V1.9%58 1 Az Cast 14.36  9.84 3.24 N.M. A-15
V) oG8y 1 6 hrs 1400°C+24 hrs 1150°C+ 12.18  10.20 2.4 i&sﬁﬁi A-15
. . +1 week 650°C .
V20.45%29. 5 A3 Cast 14,33  8.28 5.58 N.M. A-15
o 0 4,825
V70.48859, ¢ 6 hrs 1350°C+24 hrs 1100°C+ 10.28  7.98 1.55 2S00 A-15

+1 week 650°C

N.M. - Not Measured
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Figure 39

Superconducting transition temperature, T (midpoints)

cl
and lattice parameter, ayr VS. composition for the V-~Ga

system,
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4508 ere the long range order parameter was also meas-

work
ured which indicated that the annealed samples are nearly fully
ordered,

The samples with different compositions were irradiated
with high energy neutrons in the same manner as the previous
Nb-base A-15 compounds. However, only a slight T, depression

19n/cmz)and

(23K) was observed even ot high fluences (2.6 x 10
a rather random T, distribution with fluence for the different
composition was observed. The reasons for this are not clear
at the present time, as other irradiated V-base A-15 compounds,
such as q irradiated V3Si and V3Ge(75), and neutron irradiated
VSSi(76) and V3Ga(77) do behave as would be expected.

A V3$i sample(76) neutron irradiated to a fluence of 2.6
X 1019n/cm2 had its Tc (16.7K) depressed to 2.6K and after 2
years at room temperature a T, increase of 0.8K was observed.
This sample was isochronally annealed for 2 hours at each tem-
perature, and the results are shown in Fig. 40, From this fig-
ure we can see that TC starts to show recovery at temperatures
lower than the Nb-base compounds (~400°C) and even at 250°C
some recovery is observed. This result, together with the fact
that the thermal neutron absorption cross section(78) of V is
more than 4 times greater than that of Nb and the thermal con-~
ductivity(78) of V is only half rhat of Nb, may indicate that
the V-Ga samples were overheated during radiation and some of
the damage annealed out. Different geometries of the Al cap-

sule and packing of the samples irith Al powder to improve the
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Figure 40

Isochronal annealing curve for neutron irradiated VBSi'
Upper circles represent onset temperatures, while error

bars represent transition widths (10-90%),
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thermal conductivity were used, but no significant change was
obtained.
§g3gg: The interest in studying this systen lies in the fact
that both elements are transition metals while in the previous
systems studied the B elements (Ge, Al and Ga) were non-
transition metals or have the f-band nearly full, like Pt. Be-
sides, this system has the highest Tc (12—13K)(ll’12’79’80%f~uwse
sd-sd type bonding A-15 compounds.

Here we studies the effect of neutron induced disorder on
Tc and ag, coupled with isochronal anneals.

The phase diagram of Mo-0s was investigated by Taylor
et al.cﬂ), where the A-15 phase of Moj0s forms at 2210°C via
a peritectoid reaction with a homogeneity range very narrow,
ranging from aboutr 24.0 to 25.5 at.%0s at 1000°C. Due to this
narrow range of the A-15 phase no compositionn studies were pos-
sible. A stoichiometric sample was arc-cast aad subjected to
the following heat treatment: 15 hours/1850°C + 25 houfé/lﬁSOOC
+ 10 days/1000°C + 9 days/950°C + 20 days/800°C. After these
heat treatments, x-ray diffraction analyses indicated the sample
to be single phase and of the A-15 structure type with lattice
parameter a, = 4.968+0.0014, and a transition temperature, Ty, of
12.62K, is good agreement with previously reported value
This sample was neutron irradiated to fluences of 1 x 102°n/cm2
and the results are summarized in Table XIX Fig. 41 shows the

Te dependence on fluence together with the results of a neutron

irradiated Nb3A1 sample«n), an A-15 compound with sd-sp type

(11,12,19,79,80)



TABLE XIX

Summary of Data for Mo,0s Neutron Irradiated

154

FLUENCES T, T, aT_ a 5,

0 12.77 12.64 0.21 4.9680,001 0.89
2.5x10%80/cn?  12.37 12.26 0.21 4.970+0.001  0.86
5.8x1080/cn?  12.36 11.99 0.21 4.97140.001  0.82
1.7x10%0/c0®  11.17 11.06 2.15 - 0.69
4.9x10%0/cn®  10.47 10.31 0.19 4.976:0.001  0.44
1.03x10%%/co’  10.29 10.09 0.28 4.9785%0.001 0.20
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v . Figure, 41

Superconducting transition temperature, Tc' against
neuiron fluence (E > 1 MeV) for Mo305. Neutron

irradiated NbgAl is shown for comparison.
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bonding. It is clearly seen from this figure that the depres-
sion of Tc’ for a given neutron fluence, for Mo30s is consider-
ably less than for NbsAl. Where the depression of T, for NbjAl
was about 3.1K, 5.7K and 14.9K, the corresponding values for
Mo408 were 0.4K, 0.6K and 2.3K respectively. At high fluences
5 x 1019n/cm2) the transition temperature of Mo305 approached
a saturation of about 10K,

Fig. 42 shows how the lattice parameter of the same sample
of Fig. 41 depends on fluence together with the ao;s of irradi-
ated Nb3A1(64). From this figure we can see that the lattice
parameter of Mo,0s expands with increasing fltence (ﬁ%% =0.16 7,
at 4.9 x 1019n/cm2) but this expansion is less pronounced than
for Nb3A1 (2%9 =0.,33 at 5 x 1019n/cm2). At high fluences no
large lattice expansion was observed as in NbsGe.

From the Debye-Scherrer x-ray films of these samples we
could clearly observe the decrease in intensity of the difference
lines with increasing fluence. After a fluence of 4.9 x 1019n/
cm2 no difference line could be observed in the x-ray films.

This behavior, as observed previously in other systems studied,
indicates a decrease in the degree of order.

Flukiger(ll) and Flukiger et al.(ao) have determined the
long range order parameter, Sy, as a function of T, for Mo40s
over the range 0.79sSAsO.87 and 11.75$Tc512.45 by annealing tech-
niques. We previously observed, in the Nb-Pt system (Fig.36),
that the T, dependerice on the order parameter -¢ the same for neu-

tron irradiated samples and for those samples subjected to different
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Figure 42

Lattice parameter, agr against neutron fluence (E > 1 MeV).

Nb3Al is shown for comparison.
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heat treatments. Applying this to Mo40s and using Flukinger's
data, the T, dependence on Sy for the irradiated Mo40s can be ob-
tained using the Aronin expression(sa. Aronin has pointed out
that the long range order parameter can be related to the neutron
kot

fluence by a relation of the type S = Soe ~, where So is the

value of S before irradiation, gt the neutron fluence and k is

a proportionality constant independent of fluence. In systems
where S has been measured as a function of neutron fluence, such
as Cu3AuaEb, N13Mn(aa and Nb3AlaaD, the above relationship agrees
well with observation. For our neutron irradiated Mo305 samples

having T, values of 12.26K, 11.99K and 11.06K, corresponding

to fluences of 2.5 x 1018, 5.8 x 1018 and 1.7 x 1019n/cm2 re-

spectively, order parameters of 0.86, 0.82 and 0.69 were obtain-
ed from Flukiger's data. With these order parameters it was
possible to calculate a value of k, enabling us tc extend the
range of S, from 0.79-0.87 to 0.20-0.89, as seen in Fig. 43.

The value of k was 1.4 x 10-20cm2/n with an estimated uncertain-

0.89. As a function of SA also shown in
©

ty of £0.4, and So
Fig. 43 is the T, of neutron irradiated NbjAl We see that
the depression of T, for a given change in £, is considerably
greater for NbjAl, a sd-sp type A-15 compound, than for the
Moq0s, a sd-sd type. Which may indicate that the type of bond-
ing is responsible for the different behavior cf these two types
of A-15 compounds with respect to the effect of ordering on T,.
A pure Mo(Tc = 0.9K) was irradiated to a fluence of 1.5 x
20

10 n/cm2 and no superconducting transition was found to the

lower 1limit of our T, apparatus (~1.3K).
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Figure 43

Superconducting transition temperature, Tor as a function
of the Bragg-Williams long range order parameter for neutron
irradiated and quenched Mo305 (see text). Neutron irradiated

Nb3Al is shown for comparison.
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An isochronal anmneal (2 hours at each temperature) was made
in the most heavily irradiated Mo30$ (1.03 x 1020n/cm2) and the
results are shown in Fig. 44. From this figure we can see that

there is no recovery of Tc until 700°C.
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Figure 44

Isochronal annealing curve of TC for Moaos irradiated to

a fluence of 1.03x10%°n/cm?.Upper circles represent T,

onsets, and vertical bars indicate transition widths

(10-90%).
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IV. DISCUSSION
The effects of neutron irradiation, annealing, and composi-

tional changes on T,, a,, and the degree of order for the A-15

o’
materials will now be discussed.

Before proceeding, we want to summarize here the following
general observations, made from this investigation:

a) The superconducting transition temperature, T., of the
A-15 compounds studied is greatly depressed when exposed to high
energy neutron irradiation at 140°C, amounting to more than 80%
of the unirradiated wvalues except for Mo40s where the highest de-
pression observed was only 20%. T, is also depressed in nonstoi-
chiometric alloys but the rate of depression is less pronounced
as we deviate to either side of stoichiometry. At high fluences
T. approaches a saturation value and the same final To value is
reached by the different compositions of a given A-15 compound.

The transition temperature of the irradlated material is
recovered with isochronal and isothermal anneals. In the isochro-~
nal anneals all the Nb-base compounds, independent of composition
or fluerce, start to show recovery of Tc between 400-500°C. The
VSSi shows some recovery at 250°C while Mo40s shows no recovery
until 700°C.

T, also decreases with rapid quenching from high temperatures,
amountinrg to more than 407 of the original annealed value, the de-
crease being more pronounced at stoichiometry.

The svperconducting transition temperature is a maximum at

the stoichiometric composition when this composition exists in

166
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thermodynamic equilibrium in the hdmogeneity range of the A-15
phase (Nb-Pt and V-Ga). When this latter does not occur, the

max imum Tc is observed at the nearest point to stoichiometry
(Nb-Al). 1In the Nb-Ge system the high T. obtained by non-
equilibrium techniques is due to the formation of a metastable
stoichiometric Nb3Ge. The transition temperature also decreases
as we depart to either side of stoichiometry, with a slope rang-
ing from 2.6K/at.% in Nb-Al to 1.5K/at.% in Nb-Pt and V-Ga. Long
term low temperature anneals normally increase T,.-

b) As a general trend, the transition widch, ATc' shows a
small or zero increase at low fluences but a significant deccrease
is observed at high doses. 1In the isochronal and isothermal re-
covery anneals ATC increases as TC starts to recover reaching a
maximum when T, recovers about 50% of the unirradiated value and
decreases again as T, begins to approach its final value.

There is a large increase in the transition width after the
rapid quench, in some cases, to more than 4 times the width of
the original annealed sample. No systematic variation in AT, was
observed with the change in composition.

c) The lattice parameter, ag, expands with neutron irradi-
ation for all the A-15 compounds studies here. The rate of lat-

19n/cmz) and

tice expaasion is high at low fluences (<1 x 10
decreases at high doses where T, approaches saturation. A lower
a, expansion (~50%) was observed in the Nb-Pt and Mo30s o.ystems
.when compared to Nb3Ge and Nb-Al. Independent of composition,

the same a expansion with fluence is observed for a given A-15
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compound. The lattice parameter can also be completely recovered
with isochronal anneals (Nb3Gc and Nb-Al) but the a  recovery does
not seem to correlate with the recovery of Tc (Nb-Al).

With the rapid quench from high temperatures, the Nb-Pt
system shows a small or zero lattice expansion which is at least
3 times smaller than that observed with neutrorn irradiation for
the same Tc's. However, in the Hdb-Al system a more similar ex-
pansion is observed between the two processes {(quench and irradi-
ation).

The lattice parameter variation with composition depends on
the system investigated, an aO increase (decrease) occurs with
the increase of B concentration when the atomic radius cf the A
atom is smaller (larger) than that of the B atow. A difference
in slopes, Aao/at. %, occurs at stoichiometry as we go fram cne side
of stoichiometry to the other. The lattice parameter remains
unchanged (Nb~-Pt)} or a small contraction was noted (Nb~Al) with
the long term low temperature anneals.

d) The Debye-Scherrer x-ray films show a decrease in the
intensities of the difference lines with increasing fluence and
these lines are no longer visible or very weak at high fluence.
No line broadening was observed even in the saturation region of

T, except for Nb,Ge samples irradiated to 2.6x10%°% ang 5x10!?

cl
n/cm?. All the difference lines reappear with the isochronal
anneals. With rapid quenching some line broadening could be ob-
served in the high angle region, while no line broadening was ob-

served by changing composition.
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e) The long range order parameter, S, decreased with increas-
ing fluence and T, approached a saturation faster than S approaches
zero. The LRO parameter also recovers with the isochronal anneal
(Nb-Ge). The disorder introduced by the rapid quench from high
temperatures correlates with Tc in the same manner ag that created
by neutron irradiation (Nb-Pt). The higher order parameter occurs
at the stoichiometric composition and a change in this composition
to either side of gtoichiometry is coupled with a decrease in the
LRO parameter. The long term low temperature anneal increased the
LRO parameter.

From these observations we note that the superconducting tran-
sition temperature can be depressed (>407) by changing composition,
rapid quenching from high temperatures and neutron irradiation, and
also in these two latter cases T, can be recovered by annealing.
For the changes in T, a similar change was always observed in the
long range order parameter, which suggests a correlation between
these two parametsrs.

Labbé and FriedelGxD proposed a model for the A-15 compounds,
where the high Tc's in this structure result from a very high den-
siéy of states at the Fermi level, N(Q). This peak in the density
of states arises from the a-atom chains and any interruption in
their cont . .ty will affect the peak and cause a decrease in Tc.
The observed crystallographic disorder will certainly affect the
integrity of the chains and change T.. However, it shoul” be point-
ed out here that the sharp peak at the Fermi level

of the A-15 compounds can also be affected, as Tc is, by other
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84,85 . . .. (86,87)
effects, such as addition of gases( ? ), magnetic impuritlies ’

or stress(as), where the crystallographic disorder is probably not
the principal cause of the changes in TC as are here with irradi-
ation, rapid quencing, annealing and composition.

The first experimental evidence of this correlation was ob-
tained by Sweedler and Cox(eq) in neutron irracdiated Nb3A1. They
observed an initial depression rate(ag) of 2.2 £+ 0.2K per 7 of
Nb sites occupied by Al atoms. Here for neutron irradiated Nb3Ge,
Nb3Pt and Mo,0s we obtain 3.3 + 0.2, 1.4 £ 0.2 and 0.4 & 0.2K per
7% of A sites cccupied by B atoms, respectively. Similar values
for Nb4Pt and Mo,0s are observed with the rapid quench. It is in-
teresting to note that the sensitivity of T, on the order parameter
depends on the A-15 system. This sensitivity :-o disorder may be
(20)

attributed to the directionality of the bonaing between the

atoms in the A-15 structure and, as the Mo40s results suggesc, the
depression of T, also depeads on the nature of the B atom, if it
is a transition or a non-transition element. Recently, Staudenman
et al.(gl) demonstrated in a precise x-ray study of the valence
electron density distribution in the superconducting A-15 compound
V451 that the bonding along the V-chains are of the covalent type.
If this type of bonding is also true for the other A-15 compounds
the integrity of the linear chains formed only by transition metals
will be very sensitive to the nature of the B atom when it interupts
a chain.

The Tc depression with irradiation has been observed to fall

in a similar manner for most of the A-15 compounds(lo), and a
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universality in the defect that causes the T, depression has been
auggested(gz). Soll et al.(93) also showed that the T, depression
of Nb4Sn for various types of irradiations (neutrons, oxygen ions
and deuterons) are equivalent, when normalized to the energy trans-
ferred to each lattice atom. From our neutror irradiation results
of samples with different compositions some interesting observa-
tions on this subject arises. Fig,45 a shows the irradiation re-
sults in the Nb-rich side of the Nb-Pt system where, as previously
mentioned, the rate of depression of T, decreases as we go off-
stoichiometry. Comparing the slopes, ATC/A¢t, of these curves we
note that they all have the same slope for a given T.. In other
words, the irradiation effect on T, of an off-stoichiometry sample,
for example point C in Fig. 45 a that follows the path CD, is equiv-
alent to a stoichiometric sample already irradiated until point B
that follows the path BD. These two curves (CD and BD) are only
separated by a constant factor. From this figure we can also ob-
serve that going from point A to B by neutron irradiating a stoi-

18n/cm2 (point B in

chiometric sample to a fluence of 3.2 x 10
Fig.45 a) is equivalent to going from point A to C by changing the
composition of the stoichiometric sample to 24.1 at.% Pt (point C),
as far as T, is conceraned. These same observations were also found
for the Pt-rich side of stoichiometry and all the off-stoichiometric
curves shifved to the right by a constant factor, gt equivalent,
until they match the stoichiometric curve is shown in Fig. 45b.

This curve, that gives the dependence of T, with fluence for the

stoichiometric Nb3Pt, also includes the dependence of all the off-
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Figure 45a

Superconducting ctransition temperature, Tc, for neutron
irradiated Nb-Pt alloys illustrating procedure for

obtaining master curve as discussed in details in text.
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Figure 45b.

Master curve for the superconducting transition

temperature Tc of neutron irradiated and compositionally
variant samples in the Nb-Pt system. For detailed

explanation see text.
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stoichiometric samples and have implicitly the T, variation with
composition. 1In this sense we can say that this curve suggests
a universal correlation between T, and the defect that cause its
depression in the Nb-Pt system. This same analysis can also be
made for the neutron irradiated Nb-Al samples with different com-
positions, and the master curve for this system with the off-
stoichiometric curves shifted to the right by the equivalent
fluences is shown in Fig. 46.

Observing the initial slopes in the depression of Tc with

fluence, ATc/A¢t/ not only for different compositions of a

t=20
given system but :lso between different Nb-base compounds we note
that they all scale with T, (Fig.47). The higher the T.» the
greater the initial slope which probably is also a reflection of
the structural stability of these A-15 compounds. This‘observa-
tion led us to extend the idea of equivalent fluences to different
compounds. As the higher T, and slope belong to the Nb3Ge system
we assume this as the master curve for all the other Nb-base A-15
compounds. The results are shown in Fig, 48 with the equivalent
fluence for the systems Nb-Pt (Fig. 45b), Nb-Al (Fig. 46), and
Nbssn and Nb3Ga from Ref, 77. A plot of (Tc~Tcsat) vs. ¢t was
used due to.the different Tc's in the saturation region for
different systems. A striking overlap of all these curves can be
obgserved from this figure-which indicate, now in a2 more general--
ized form, the universality of the T, dependence on the defect that

causes its depression. As mentioned earlier, the cause of the

depression of T, with irradiation, quenching, annealing and



Figure 46

Master curve for the superconducting transition
temperature '1'c of neutron irradiated and compositionally
variant samples in the Nb-Al system. For detailed

explanation see text.
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Figure 47

Initial depression rate of the superconducting
transition temperature, ATc/A¢|¢=0, against T_
for neutron irradiated Nb-base A-15 compounds
and o-particle irradiated V-base A-15

compounds.
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< Figure 48

Master curve for the superconducting transition
temperature of neutron irradiated and compositicnally
variant Nb-base A-15 compounds. Tc sat is the saturation
value of Tc for each system. For complete description

see text.
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compogition for a given system is the crystallographic discorder.
To understand the overlap of the curves for different systems in
terms of crystallographic disorder is not so obvious as all these
compounds are nearly fully ordered. However, the scaling of T,
with the different Nb-base A-15 compounds can be related through
the sensitivity of Tc with atomic disorder. This is because the
initial rate of depression of T, ﬁith disorder depends on the
system (Nb3Ge = 3.3; Nb3A1 = 2.2; NbsPt = 1.4K per % of Nb sites
occupied by B atoms) and this also scales with Tc (Nb3Ge, Tc =
20,2K; Nb3A1, Tc = 18.6K and Nb3Pt, Tc = 10.6K). It should be
emphiasized here that the choice of Nb3Ge as the master curve for
the Nb-base compounds is because this is the highest T, available
but if another Nb-base A-15 compound with a highex Tc could be
synthesized, like Nb4Si, this would be the master curve for all
the others, including Nb3Ge.

A comparison between this curve for Nb-base A-15 compounds
with other systems like V3Si and Mo3Os neutron-irradiated (see
Fig. 47) shows that they have different slopes and it's possible
that each one, V-base or Mo-base A-15 compounds, have their own
master curve. From the results of Poate et al.(73) where V351
and V3Ge have been irradiated with q-particles (Fig. 47) we note
that this is true for these two V-base systems (V3Si, T sat =
2.4K, ¢t equiv. = 0 and V,Ge, T sat = 1.0K, ¢t equiv. = 1.05 x
1017a/cm2) but are very different when compared to Nb3Ge and
Nb3Sn also a-irradiated, which seem to support the suggestion of

different T, dependences for each system.
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We have shown that Tc correlates with the crystallographic
disorder whether the samples of a given system were neutron ir-
radiated or rapidly quenched. It will be of great interest to
know if this is also true for other processes that change Tc where
a change in the order parameter also occur like annealing and com-~
position, as a unique relation should exist between Tc and the
crystallographic disorder for a given system. From the anneal-
ing studies made here no systematic measurements of the order
parameter were done that permit this kind of analysis, however,
this parameter was measured as a function of composition in the
Nb-Pt system where also the correlation of Tc with disorder for
irradiated and quenched samples were observed. A difficulty arises
with the interpretation of the dependence of the LRC parameter with
composition because by definition there are two order parameters,
SA and SB, one for each side of stoichiometry. However, this
problem can be avoided if we consider the disorder in terms of the
percentage of sites occupied. As follows from the ABB stoichiometry,
with the same degree of deviation from stoichiometry, the number of
wrongly occupied sites is three times greater in the A-rich side (B
site disorder) than in the B-rich side (A site disorder). So, in a
plot of Tc against percent of Nb sites wrongly occupied, the wrongly
occupied site occupation number of a sample in the Nb-rich side
must be divided by three to be equivalent to a sample in the Pt-

rich side with the same degree of deviation from stoichiometry.

With this procedure, the results of T, and
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the order parameter measurements for different compositions is
shown in Fig.49, together with the previous irradiated and quench-
ed results and the sample with 21 at.% Pt that received a long
term-low temperature anneal. Samples with intermediate composi-
tions had their LRO parameters obtained by interpolating the
experimental data. From Fig.49 we can see that there is a good
correlation of '1'c with the percentage of wrongly occupied sites
for all of these processes. This result is not so surprising if we recall
that in the universality of the defect with irradiation shown
préviously, the master curve also included the Tc dependence
with composition. This universality in the defect involving dif-
ferent systems of a certain kind, strongly suggest that this
correlation of T, and disorder observed in the Nb-Pt system will
also occur in other A-15 compounds. It should be noted however
that a correlation with resistance ratio, p(300 K)/p(25 K), has
also been observed in Nb3Ge(94‘ and Nb3Sn(95; films for different
growing conditions and a-particle irradiations. This condition
may indeed reflect the disorder discussed here.

We observed from this investigation that a maximum in Tc
occurs exactly at the stoichiometric composition when the homo-
geneity range of the A-15 phase includes this composition, as in
Nb-Pt and V-Ga. This has also been observed in other systems,

(1D . (44)

as V=Pt and V-si that have a broad homogeneity range.
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Figure 49

Superconducting transition temperature, Tc, as a
function of the percentage of wrongly occupied sites
for irradiated, quenched, composition, and annealed

Nb-Pt samples.
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These results are consistent with the correlation mentioned above
since the LRO parameter is also a maximum at the stoichiometric
composition. However, in a few other A-15 compounds(ll’80’96) the
max imum Tc does not occur at the stoichiometric composition. Tc
increases or decreases with the composition, having its maximum
at one of the A-15 phase boundaries. These compounds usually
have a low transition temperature (5 K) and are composed of two
transition metals. The most striking example of these compounds
is Nb-Ir. Within the homogeneity range of the A-15 phase(97)
(21.5 to 28.5 at.% In) the superconducting transition temperature

rises linearly from <0.l1 K at 22 at.% Ir to the maximum value of

3.3 K beyond the stoichiometric composition at 28 at.% Ir accord-
(11)

ing to Flukiger who investigated this system. In three arc

melted samples (22.5, 25 and 27.2 at.% Ir) similar behavior in

Tc was observed. After a high temperature heat treatment (10 hrs/
1800°C) followed by a long term-low temperature anneal (70 days/
900°C) no significant change would be observed in Tc’ beside a
small increase at stoichiometry (1.31 K-1.52 K). Debye-Scherrer
x-ray films and diffractometer scans show in all these samples

two unidentified extra peaks (d=1.054% and d=0.921%). A similar
(96)

result was also found in the V-Ir system, where a second phase

was observed in all samples except at stoichiometry. Interesting

98
results were obtained by Koch and Scarbrough( ) on the effect of
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interstitial impuricies on Tc of the g phase of Nb-Ir. After
annealing single-phase samples in a partial pressure of air Tc,
previously a sharp transition at 2.2 K, rises to 3.7-4.1 K. Whether
the measured Tc is from the A-15 phase or from a second phase or
impurity is not known, but a more detailed analysis of these com-
pounds would be necessary to determine if they are really an excep-
tion to the maximum in Tc at stoichiometry.

A correlation between Tc and the lattice parameter expansion

have also been proposed(ge) but from our results such correlation

could not be found. 1In Fig. 50 we show Tc/Tco (Tco is the unir-
radiated Tc) vs Aao/ao for the neutron-irradiated A-15 compounds
and Nb3Sn and V3Si from Ref. 77. We see the different lattice

expansions of Mo _Os and Nb-Pt as compared to the other A-15 com-

3
pounds. From the irradiation results of samples with different
compositions we also observe that Tc does not correlate with ag
as the expansions of the latter with fluence is constant for the
different compositions while the Tc depression is not. This lack
of ‘correlation is also observed in the Tc dependence of a, for
Nb-Al (26 at.% Al) irradiated to 5x1019 n/cm2 and the recovery
anneal curve shown in Fig. 5L, where two different paths can be
observed with irradiation and annealing. Similar cbservations

occur in quenched and irradiated Nb_Pt where the two Tc's are

3

equal but a lattice expansion three times larger occur with ir-

radiation than from guenching.
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Figure 50

Reduced transition temperature, Tc/Tco' against
iattice expansion, Aao/ao, for neutron irradiated

A-15 compounds.
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Figure 51

Superconducting transition temperature, Tc' as a

function of lattice parameter, a for Nb3Al neutron

O'
irradiated {(circles) and annealed (squares).
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The observed large lattice expansion in the irradiated samples
may not be due only to the crystallographic disorder, since it is
known(gg that during neutron irradiation other defects are also
created that may account for this expansion. From these results
we note that the a expansion is smaller for A-15 compounds in-
volving only transition metals than when a non-transition element
is present. This variation in the lattice expansion with the
nature of the B element may be related with the type of bonding
between the atoms in the A-15 structure and the change in atomic
size when the atoms occupy different sites.

The variation of the lattice parameter for the different
A-15 compounds can be satisfactorily accounted for by a simple
model first proposed by Geller.ua» This relates a, to the ef-

fective radii of nearest neighbor A and B atoms as follows:

= 4 (r, + r_)
ao /5 A B

and implies that the principal geometrical feature of the struc-
ture is contact between these atoms. The original values tab-
ulated by Geller have recently been revised and updated by
Johnson and Douglass}35) and the overall agreement for more than
60 compounds is quite striking.

For off-stoichiometric materials, a simple extension of this

model is to assume that the effective radii in the A and B sites

are just an average of the Geller radii i.e.
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where Ni and N: are respectively the fractions of A and B atoms
on A sites. An analogous expression holds for the B sites.
Applying these expressions to a system like Nb-Pt where the
homogeneity range encompasses both sides of stoichiometry and
comparing them with the measured values of a yield a discrepancy,
as illustrated in Fig.52,in which the broken line corresponds to
the calculated values of the lattice par ameter based upon Geller
radii for Nb and Pt of 1.51% and 1.373 respectively}as) and the
order parameters listed in Table XV, It is seen that on the Pt-
rich side the model gives a very good fit to the slope of the
data points. A decrease of about 0.05% in o and Toe would make
the fit almost exact. However, on the Nb-rich side, the model is
clearly inadequate, with the implication that the B-site radius

of Nb is significantly smaller than 1.514 and must be considered

as an additional variable i.e.

AR

A = "a Ia B '

NBI.'B"'NBI .

B A A B B

r

B
rA s I and r

1 - : . iq. .
A least-squares fit to the data in Fig.52 with Nb Nb Pt -

as variable parameters yielded the respective values 1.5164,
L4254 and 1.365A, with standard errors of about 0.002k. It is to

be noted that the values of the Geller radii rﬁb and rPt are
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Figure 52

Lattice parameter, a,s VS. composition for the A-15
phase of Nb-Pt. Open circles are experimentally
determined data points for samples annealed at 1800°C
for 12 hours plus 900°C for 10 days. Dashed curve is
calculated from Geller radii rNb=l.Slg and rpt=l.37g.

So0lid curve is least squares fit to modified Geller

model as described in text.
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uniquely determined in this analysis, whereas previous compila-
tions are relative to some arbitrary fixed value, as first point-
ed out by Nevitt}101) The present analysis therefore indicates
that whereas Pt has essentially the same effective Geller radius
on either gite, Nb has a significantly smaller B site radius of
1.433, the same as in the metal. Furthermore, the calculated
valug of a for the hypothetical compound "Nb3Nb" would be 5.264,
a fact first noted by Vieland and Wicklund(lom from extrapolation
of data in the Nb-Ga and Nb~-Ge systems. They also pointed out the
similarity between the atomic volume of Nb in "Nb3Nb“ (18.2ﬁ3) and
in the metal (18.0ﬁ3). A similar analysis of lattice parameter
data for the A-15 region of the V-Ga system shows an opposite
trend, namely a B site radius for V of 1.375, which is larger than
the Geller radius of 1.31% and the same as in the metal. The
calculated value of a, for the hypothetical compound "V3V" would
be 4.794%. Doing the same extrapolation for the V-base A-15
compounds from the data available in the literaturepL44JO3l
shown schematically in Fig. 53, an a of 4.796+0.01% was obtained
which gives an atomic volume for V in "V3V" of 13.7910.133 similar
to the metal (14.0ﬁ3). From Fig.53 we also observe that the lat-
tice parameter increase or decrease with composition for the

different Nb or V-base A-15 compounds depends on how the size

of the B atom compares with that of the A atom in the B site.
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Figure 53

Schematic lattice parameter, as dependence on
composition for several Nb-and V-base A-15 compounds,
and the extrapolated a, for the hypothetical compound

"Nb3Nb" and "V3V“ (see text).
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For example in V~Si system, Si has an atomic radius (1.333), smaller
than V at the B site (1.374) so an a decrease occurs with increas-
ing Si concentration, while in the V-Au system an a, increase is
observed because the atomic radius of Au (1.411%) is larger than

tne V at the B site, and in the V-Ge system a very small change

in a_ with composition is observed because the Ge radius (1.364)

is similar to the V at the B site. Analogous interpreta‘ion is
valid for the Nb-base A-15 compounds.

Figure 54 shows the slopes of the lattice parameters with
composition, Aao/Aat.%, against the atomic radius of the B atoms
for several Nb and V-base A-15 compounds. From this figure we
see that within experimental errors there is a good correlation
between these two parameters for Nb and V-base A-15 compounds and
that the slope is zero when the radius of the B element is eqgual
to the radius of the A atom in the B site, as predicted. The
extrapolated straight lines for Nb and V-base A-15 compounds

shown in Fig. 53 are given by

Aa
- o o 4,796 (V-base)
a, = (=) 2% * 5.253 (Wb-base)

where the a dependence on composition (A-rich side) can be obtain-
ed for all Nb and V-base A-15 compounds. Using this relation fo¥
Nb3Si and V3A1 (see Fig. 54) we obtain an a, value of 5.05% and
4.84i, regpectively, which are in good agreement with the values
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Figure 54

Slopes of the lattice parameters with composition,
Aao/Aat.%, against the atomic radius of the B atoms

for several Nb-and V-base A-15 compounds (see text).
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predicted by Geller and entrapolated from pseudo-binary compounds.(104)

The concept of two different radii for atoms with coordina-
tion number greater than twelve in intermetallic compounds has
previously been advanced by Shoemaker and Shoemaker%uﬁ) The
origin of the deformation undoubtedly lies in the pronounced
covalent character of the bonding along the chains, and strong
covalent bonding of this type has recently been demonstrated.(gl)

Therefore, the lattice parameter changes with composition
can be accounted by the different sizes and positions of the
atoms in the A-15 structure and no obvious correlation exists

with the superconducting transition temperature.

i
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