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Abstract

A review of the literature reveals that the
superconducting and structural properties of a B-W
compound are dependent on its composition. The vari-
ations of these properties as functions of composition,

. however, if these have .been measured; are not completely
understood. The properties of the B-W phases of the

four systems, Nb-Sn, V-Si, V-Ga and Nb-Al, were therefore
investigated as functions of composition.

Apparatus is described which was used to
‘measure the structural properties, lattice parameter
and ordefing)as functions of temperature and to investi-
gate a structural instability at low temperatures, all
by X-ray powder methods. The measurement of supercon-
ducting critical temperatures is also described, A
model is developed to interpret X-ray intensity data
in terms of the atomic disorder in a non-stoichiometric
alloy. This model is general for any binary alloy with
two types of atom site. -

The results obtained are:- (1) That a first

. order structural transformation; to a martensitic phase,
occurs in Nb=-Sn and V-Ga but not in V-Si and Nb-Al,

The transformation temperature is a function of lattice
parameter, a sensitive indicator of composition.

(2) The axial ratio of the'martensite is a function of
lattice parameter, and is of opposite sign on opposite
sides of stoichiometry. (3) Superconducting critical
temperatures are functions of lattice parameter. |

(4) The disorder in non-stoichiometric alloys is pre-
dominantly by substitution and not by the creation of
vacancies. (5) No classical order-disorder transformation
takes place, ail changes in order being attributable to
changes of composition during heat treatment.

The relationships between the structural and
superconducting properties and the composition are
explained on the basis of the hydrostatic strain in the
lattice arising from the effects of atomic size in the

non-stoichiometric alloys.
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Introduction

The Beta-tungsten structure alloys have been

shown to have the highest known supexrconducting critical

temperatures, fields and currents, and the alloy with
the highest values of all three parameters is a ternary
alloy Nb,(Ge,Al). To obtain these high values it was
necessary to obtain an alloy of exactly the correct
composition. Studies of the effects of composition
changes in ternary alloys have thus been undertaken

by many laboratories. It is clear, however, from a
survey of the literature that the compositional
variations in the properties of binary alloys of the
Beta-tungsten structure are not well understood.

In this thesis, therefore, are considered
the effects of composition on the structural and
superconducting properties of the four binary alloys
with the h;ghest superconducting critical temperatures,
Nb-Al, V-Ga, V=-Si and Nb-Al and from the results
obtained the importance of the different effects
involved is evaluated. -

, - Chapter I gives a brief synopsis'of the
phenomenon of superconductivity together with a
description of both the phenomenological and micro-
scopic theories and in Chapter 2 the previous work
on materials of the B-W structure has been reviewed.
Chapter 3 describes the experimental techniques and
in Chapter 4 the experimental results are detailed.
Chapter 5 describes a model, general for all binary
systems with two types of lattice site, which was
-developed to determine the type of order in non-
stoichiometric alloys from X-ray intensity data.
The discussion of the results, the conclusions and
the suggestions for future work are given in Chapter 6.

e e e A ——— - - - m



_ Chapter One

Superconductivity

"The best way to become
" acquainted with a subject is to
write a book about it".

= Benjamin Disraeli

i1
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1.1 The Phenomenon as observed

In 1911 at Léiden, Kammerlingh Onnes found that
the electrical resistivity of mercury dropped sharply to
zero at about 4°K. This phenomenon he called supercon-
ductivity (Onnes 1911, 1913). Since that date it has
been shown that many metallic elements and a large number
of alloys become superconductors when cooled below a
critical temperature (Roberts 1961, 1966; Lynton 1962,
page 5).

l.1la ‘Critical Field and Critical Current

Silsbee (1916) shcwed that superconductivity
is not the same as perfect conductivity. If a super-
conductor is subjected to a sufficiently large magnetic
field Hc or a current Jc large enough to produce this
field is passed through it, then the superconductivity
is quénﬁhed and the normal resistance returns. The
critical temperature Tc and the critical field HC are
approximately related by the expression:

H, = H_ ;1- (?/Tc)z} . (1.1)

where H_ is the critical field at 0%K and T is the
absolute temperature (Onnes 1914; Tuyn and Onnes 1926).
This relationship is illustrated in figure 1.la.

l1.1b The Meissner Effedt

_ Below its critical temperature a supefcon-
ductor behavesAaé a perfect diamagnet, expelling all
magnetic flux. This so-called Meissner effect is
reversible (Meissner and Ochsenfeld 1933) and demon-
strates a further difference between a perfect
conductor and a superconductor. When a perfectly
conducting sphere (or cross-section of a cylindet) is
passed from temperature T, (T1‘>Tc) to temperature

T, (T2<Tc) byvtwo different paths, the magnetic field
situation at T, is also different. If the sphere is
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cooled to T, and then a magnetic field H(<Hc) applied

and removed, the sphere is left with zero magnetisation.
If, however, the field is applied at T; and removed after
cooling to T, the sphere has a remanent field. These are-
the paths A-+B+C+B and A-+D-»C-+B in figure l.la and the
field situations at each point are shown in figures

l.1lb and l.lc respectively. If, however, the sphere is
superconducting, the field situations for the path
‘A+D+C+B are shown in figure l.1d and that at T, is the
same as for the path A+B+C+B, because the superconductor
is a perfect diamagnet. The magnetic flux B is thus zero
for a superconductor below its critical temperature and
hence, as can.be seen from figure 1.2, it is more
meaningful to plot M, the magnetisation of the sample,
against H, the applied field, where M = B - H.

1.2 Phenomenological Theories

1.2a Thermodynamic Treatment of

the Phase Transformation.

The thermodynamics of the superconducting
transition was examined by Gorter (1933) who predicted
that the change should be reversible. A year later
Gorter and Casimir (1934a) produced a full thermo-

dynamic treatment of the transition.

 When the normal and superconducting phases
are in equilibrium with one another, their Gibbs free
energies G must be equal. The free energy in the

superconducting state is given by:
= v H .
G = - .
s(He) = 6,000 = [V av [Hemm) an_ =~ (1.2)
where the subscripts s and n refer to the supercon-
ducting and normal states, He is the external magnetic

field and the second term on the right hand side of the

equation arises from consideration of the superconductor
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as a perfect diamagnet. If an ellipsoidal specimen is
considered, then M(He) is uniform and the magnetic work
done per unit volume, which is the same regardless of
shape, is:
H Hz. .
SBe M) an = -2 - (1.3)
© € e 87
For particular shapes this expression can be shown to
hold by using the London ‘equations (see next section).
Therefore, for any specimen: '
= 2 1.4
A GS(HC) GS(O) + V.H, /8m ( )
For most superconductors the normal state susceptibility

is negligible and thus:

Gn (Hc) = Gn (0) (1.5)

and with the equilibrium condition this gives:

= 2
| G, (o) - Gg (0) = VH,, /8m (1.6)
Using S = -(3G/3T),, the entropy change is then
given by: _
5, (O? - S, (0) = - (VH /4T )w(dHc/d?) (1.7)

Gorter and Casimir further developed a"two-fluigd"”
. model of superconductivity, which treats the phenomenon as
an ordering problem, An order pérameter W is defined
as the fraction of the conduction electrons in the ordered,
i.e. superconducting state. The remaining (1-W) electrons
remain in the normal state. While this is not the physical
situation, it is a fiction convenient for several arguments.
The model further assumes that the entire entropy of
the system arises from the normal electrons in the non-
condensed state. ' '

The free energy per unit volume of the normal
electrons is that of the electrons in a normal metal:

gy(T) = =% T2 |  (1.8)

where y is the Sommerfeld constant, and the free enerqgy
of the superconducting electrons 'is the condensation

energy relative to the normal state:

! -I‘



17.

gS(T) = - H02/8w (1.9)
The total Gibbs energy per unit volume is thus:
GS(W;T) = a(l=-W) gn(T) = b (W) gS(T) (1.10)

In order that for any value of W the two phases can be
in equilibrium at different temperatures, Gorter and
Casimir (1934b) chose:

a(l-W) = (1-W)o and b(W) = W o (1.11)
so that: |

G (W,T) = =4(1-Wa YT2 - wuoz/ew (1.12)
At T = Tc' W ='o and hence:

Y = (1/4m6). (u_2/T ?) - (1.13)
Substituting 1.13 into 1.12, one obtains:

- - (T /T) 2 =t72 | (1.14)

where t = T/Tc and is the reduced temperature. Substi-
tuting back into 1.12 and differentiating with respect
to temperature gives the entropy of the metal in the

superconducting state:

s.W,m) =yT (1-0) %= Tt (1+e)/(1-0) (1 15)
From a study of the experimental data o was

chosen to be equal to one half which gives:

Sg(T) = y T t? ‘ | (1.16)
Ww(T) = 1-t* _ (1.17)
and y(T) = (l/Zj).(Hoz/Tcz) (1.18)



1.2b The London and Pinvnard Equations

F. and H. London considered that as super-
conductivity is an electromagnetic phenomenon it ‘
should be possible to treat it using Maxwell's equations

or a modification of them.

If one considers the electromagnetic behaviour
of a conductor with zero resistivity, from the equation
of motion of the electrons m v = e E and the definition
of electric current J = n e v one obtains the relation,

E = 45 A2 J/c? (1.19)

where Ai = mc? /4nrne? (1.20)

Taking the curl of both sides of 1.19 and using the

Maxwell equationsy x H = 4 gJ/c andy x E = - é/c
one. finds:
(4p A2 /e) v x § = - 1H (1.21)
- ‘ 2 ' [ - 2 e -‘ 2 » - .
and A, v oxv xH = jf viv.H) Ao v: H H
| (1.22)

Using y.H = 0 one further obtains:

.Afr =v? H = EI. | _ 7 (1.23)

——

F. and H. London (1935a, 1935b, 1950) substituted

ng the number of superconducting electrons, for n and

instead of 1.21 wrote:

(4r A2 /e) v x I = = H o (129
whence A2 y¢2 H = H (1.25a)

A2 g2 J = J (1.25b)

xi v2 A = 5 where H =y x A (1.25¢c)

Thése equations give a reasonable approximation
to the magnetic behaviour of some superconductors‘and
A, is known as the London penetration depth, as it
represents the depth through which the magnetic field
falls to 1/e of its value at the surface of the super-

conductor.

18



If one considers, after Druyvestyn (1966), a
long wire of radius T, in a longitudinal magnetic field,
then l.25a written in cylindrical co-ordinates becomes:

H(r) = He Jo(ir/xu)/Jo(iro/Aw) (1.26)
where JO is the Bessel function of the first kind and
zero order with imaginary argument. For r, >>X o

-4m M = H_ | | (1.27)

and it can be seen that this gives the result of equation

l.3. For ro<<)\LP

-4m M= (r_/),) 2.H_/8 (1.28)
and this gives: _
' 3/2
Hc = 2 (Au,/ro).Hc (1.29)

‘where ﬁc and Hc' are the critical fields for the bulk

and small samples respectively. From 1.29 it can be

seen that the magnetic energy per unit volume of a small
specimen is lower than that of a bulk specimen. Using
this as a basis, it was inferred by H. London (1935) that
it should be more favourable energetically for a super-
conductor to divide into narrow supercohducting domains

. separated by infinitesimally thin normal domains. However,
as the Meissner state is the state found experimentally,
N London (1935) postulated the existence of a positive
surface energy qi-which will make the filamentary structure
thermodynamically unfavourable. This can be written as

&$ = (l/Bn).Ech where g, Whigh will be later identified
as the Pippard coherence length must be greater than A.e
for a Meissner effect to be observed. Superconductors

for which this condition holds are known as "Type 1"
superconductors. There also exist superconductors for
which it does not hold and £ is less than A,; these are
known as "Type II" superconductors. A more rigorous
definition of Type I and Type II superconductivity is

given by the Ginzburg-Landau formulation (see next section).

19
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If one considers equation 1.20 with the

"two-fluid" assumption,

n (t) = W(t) n(0) (1.30) i
then one obtains:
by 3 | i
A(t) = A(0)/(1-t*) (1.31) :
where  A(0) = (mc?/4mn_(0) e?)* (1.32)

The values of A(O) predicted by equation 1.31 are five

times smaller than those found by Schawlow (1958) unless
unrealistic estimates of the parameters are taken. This
failure of the London equations and the existence of the

coherence length £ are explained by the Pippard theory.

Pippard (1950) measured the change of penetration
of a small R.F. field as a function of a D.C. magnetic
field He at a fixed temperature. His results are shown
in figure 1.3. The rise near 0%K has been explained
by Bardeen (1952, 1954) as arising from a non-linear
extension of the London equations. The rise near TC
- however involves a change in X with He at the same point
as there is a noticeable change with T. Using equation
1.31 pippard calculated the field dependence of the
superconducting entropy for a superconductor of surface
A as: A(0) A H_2

S(H_) - S(0) = S {(£3/(1-t*)} (1.33)

47 Tc

Near the critical temperature this is an extremely large
change and, as it must take place in the surface layer,
it appears to result in an unreasonably high entropy

density in that layer.

This high entropy density, the existence of the
positive surface energy, and other experimental results
led Pippard to modify the London egquation 1.,21. 1In
measurements of the penetration-depth in indium=-tin
alloys he found that A, ,was a function of concentration
and that the field dependence of Awas more noticeable

at higher indium contents.



0 I ! | 1
) -5 2:0 2-5 3-0 35 3-722
Beeens w0 T T(K) )

Figure 1,.3. The relative shift in the
penetration depth in tin between zero

- field and the critical field,at temp-
eratures between 1.5°K and the critical
temperature Tc=5-722°K.

(Pippard 1950)
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To explain these results, Pippard (1953)
introduced a range of coherence £, dependent on the
mean free path of the electron. Equation 1.21 can thus

be written as:
J(r) = -(ne?/m).A(x) (1.34)

and to introduce the range of coherence Pippard wrote

J(z) = -(ne?/m)E(1) .A(x) © (1.35)
: & o , .

where Eo is the range of coherence of the pure supercon-
ductor and 1 the mean free path. The exponential pene-
tration still exists but withs

A= AVE_JE(D) | (1.36)
The dependence on mean free path is given by:

1 = 1+ 1 ~ (1.37)
%, o«

whére a is a constant approximately equal to one. A
further modification was needed, however, as equation
1.35 implies that the momenta of the electrons interact
over an infinite distance whereas Pippard found the
range of momentum coherence to be of the order of 10* cm.
Therefore by an'analogy'with-the anomalous skin effect

(Reuter and Sondheimer 1948) he proposed the equation:

R. (.2) e /8 (1) 4t

J(z) = -(3ne /47€ m) _
| R* (1.38)

where R=r - .

Equation 1.38 can be evaluated in two distinct

cases: -
A =/E7E(T LA,  for E<<A (1.39a)
A= ((V3/72m 802} 13 forfsy ' (1.39b)

.In the second of these, there is an infinite free path
and 1.39b gives the correct magnitude of the penetration
depth for pure.superconductors, much larger than that

.predicted by the London equations.

22 -
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Consider now the surface energy between the
normal and superconducting phases. Assume.that W
increases gradually from the surface, reaching unity at
a depth approximately equal to g If g>A then the field
penetration is significantly non-exponential. It is
convenient to define the boundary where the free energy
changes suddenly as the point where W = %¥. The
boundary for the magnetic field, however, will not
necessarily coincide with this, but will ke a distance
A from the surface where the penetration is defined

generally by:
== R
A= HJ j; H(x) dx

The two curves are shown in figure 1.4, If GB < GA

- then the surface energy will be positive, as there will
be no field in the area BA which is normal in terms of
the Gibbs free energy. However, if GB. > GA then the
surface energy is negative (the London case is where
GA = O). In general GA will be approximately equal

~

to & and the surface energy per unit area will be

ay, = H_® (BA)/8m = (“5‘-7\)/81r (1.40)

1.2c The Ginzburg-Landau Equations
' Ginzburg and Landau (1950) developed the idea

of superconductivity as an ordering problem, first

suggested by Gorter and Casimir (1934b), and defined
their order parameter ¥ where [y|2 = n_, the density of
the superconducting electrons. P can also be treated

as the wave function of the supefconducting electrons.

By using the Landau-Lifshitz theory of phase transitions
(1958) , Ginzburg and Landau expanded the free energy near

the transition as a power series in|y|?. In the absence
of an external magnetic field the free energy density
becomes: '

9500 = g, (0) + alyl? + (B/2) |y|*  (L.a1)



H.

1=

| S

Pigure 1l.4. The variation of the order parameter W
and the magnetic field B in the neighbourhood of
the surface of a superconductor., G is the geomet-
rical surface. The order parameter W rises from
zero at G to unity for large positive'x. A re-
presents the plane at which W=1/2,i.e. the effect-
ive thermodynamic n-s boundary.B is the electro-
magnetic effective boundary.(Pippard 1951)
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where g and B are functions of temperature. In
equilibrium gs(o) must be a minimum and this condition

gives:

v, 12 = -a/8 (1.42)
and as from equation 1.6 g_ (o) - g_(o) = Hc2/8ﬂ

H 2 = 4ma® /8B ‘ (1.43)

In the presence of a magnetic field H, there
is the energy term He2/8nand a further term arising
from gradients in ¢ which, so as to give gauge invariance,
is taken to be:

E=1 {-ih V y_ e* A §}2 T (1.44)

2m c
where e* is a charge, which is assumed to be the

electronic charge. Then the free energy becomes:

g (H) é gs(o) + Hez/Sﬂ + 1 {-ih VY -e* A y}?

2m C.
(1.45)
Ginzburg and Landau then introduced the following
reduced quantities:
x' ="x%/Xx; ¢y o= y/a; tl o= t/A;
WE o= etz | (1.46)
Ar = (e*2/2mc2|a|)%.§; . H' = 27 H/H,
and the parameters. ‘ _
2 - 2 * 2 )
A mc? B/4m e*? |q] . (1.47)
g? = (B/2m).(mc/e*f)? = (2e*?/n%c®)H_ 22"

amd from 1.43, ch = 47a%/B. By minimising with respect
to ¢y and A, to give the equilibrium conditions, one obtains

the two Ginzburg-Landau equations;
{(i/0x)7' + 5'}2¢’ =y’ - w’lw‘lz (1.48)
and:  -¥' x9¢'xa' = |¢{|2 Al (i/2k) (P RO Y =yl 0yl x)
| (1.49)
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Considering equation 1.48, for H_, = 0, vig'= o

and |¢p'|? = 1, yields -v' x v/ x A’ = A’ which is
the London equation (1.25c) with the penetration
depth in reduced units. From 1,46 and 1.47 it can
be shown that A? = mc? /4me*? |po*|2 and if
l4ol? = nsand e* = e, A is the London pene-

tration depth.

To show the significance of the constant ,
one can solve 1.48 and 1.49 in the one dimensional

use of a surface perpendicularto z , with He in the
z direction, A in the y direction and ¢ as a
function of x only. For this effectively one
dimensional geometry ¥ can be chosen as real and so
1.48 and 1.49 become:l

_;_41_,22

4y +aly! =y =l (1.50)

.;; dax’?
azn’/ax’'? = Al Jy']? o (1.51)

_ To obtain a quantitative result a solution of
these equations near the normal to superconducting
boundary can be considered. By obtaining an expression
for the surface energy and applying the boundary
conditions an expression is obtained which is scluble
analytically only for « lapge or small. If k<<l then
the surface energy is given by:

al = chz/gn _ B (1.52)
where gis positive and :

E = 8M\3/2 k = 1.89 Mk - (1.53)

If, however, k is large, then q,, 1% negative. By
numerical solution it can further be shown that the

surface energy is positive when:

k< 1//2 (1.54a)

and negative when kK > .1/V/ 2 (1.54b)



Superconductors are thus classed as tvpe I or
type IT depending whether they satisfy l.54a or 1l.54b.
This classification is equivalent to that of Pippard.
All further consideration of super;onductivity.will be

concerned with type II superconductors.

1.3 Type II Superconductors

l.3a  Critical Magnatic Fields and
the Flux Line Lattice

The magnetic behaviour discussed in sections
1.1b and l.1lc of this chapter occurs oniy in type I
suberconductors, when the net surface energy is positive.
Abrikosov (1957) showed that the magnetisation curve of
a long needle-shaped crystal of type II material will
not be of the form shown in fiqure 1.2 but of the form
_shdwn in figure 1l.5a. . Instead of complete expulsion
of magnétic fields less than Hc, the transition from the
completely superconducting phase to the 'completely normal
phase takes place over a range of field strengths such that
Hc' <He <Hc2. In this range the superconductor is described
as being in the mixed state. H, the "thermodynamic"
critical field is then determined by equating the area

under the magnetisation Curve to ch/8n.

Abrikosov (1957) solved the Ginzburg-Landau
equations for Hc very near to Hc and, using a variational
method, obtained solutions at lower fields giving a flux
line lattice of the form shown in figure l1.5b. The
solutions showed that a triangular lattice should be
stable near Hc) transforming to a square lattice near ch.
Goodman (1961) discussed an alternative laminar structure,
but more recent calculations by Cribier et al. (1964),
Kleiner et al. (1964), Matricon (1964) and Goodman (1966)
have shown the triangular lattice to be the stable form at

‘all fields between Hc -and ch. Indeed, the electron
]
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Figure 1.5a.
;The magnetisation curve
of an ideal Type II

609_' superconductor(Pb:8.33%In).
s (ch p The broken line is the

4nM '%QQ_' //i - magnetisation curve of a

e A'u_ /’ ! ' Type I material (Pb).
_Zéauss) 200 « - (Livingston }?§§2<_"_»‘WHWM

R 1

B AN —___Al
0O+ H H . 1000 2000 ‘5000
el e -
H (gauss)

} Figure 1.5b.

- The Abrikosov flux
line gtructure.
(Abrikosov 1957)
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micrographs of Essman and Trduble (1967, 1968), Sarma
and Moon (1967) and Sarma (1968) actually show the
triangular form (figure l.5¢c).

The upper critical field is now defined by

Hc% = kv2 Hc _ . (1.55)

and the lower critical field Hci' below which a complet?

" Meissner effect occurs, is defined as the lowest field for
which it is possible for a flux line to penetrate the
specimen. This can be shown to be: '

Hy, = %  (0.081 +Inc) . (1.56)

472
where Qo = 27nc/e* 1is the fluxoid gquantum,

A further critical field Hca associated with
a surface sheath of depth = & was shown to exist by
St. James and de Gennes (1963). 1In a surface parallel
to the applied fieldrHc, has a maximum value of 1.695 ch
and drops to H,, in a surface perpendicular field. A
sheath is only obserVed for k >0.42 when H,, = H, »
For k <O. 42'Hca is the lowest field to Wthh the super-
conductor can be supercooled, i.e. kept in a normal

state below H_ .
S 3

1.3b Non-Equilibriﬁm Properties and

Flux Pinning

In the Abrikosov fluxline model, although
superconductivity can exist above Hc: , an electric
current will destroy it, because if the flux line
distribution is uniform, the current density
d=c curl H/4rm will be on average 2zero.If the distribu-
tion of fluxoids is not uniform,the interaction of the
lines will cause it to move towards a uniform distribu-
~.tion. Experimentally, however, it can be seen that the
currents do not destroy superconductivity above H

cL _
until they reach a finite, often very large, value. 1In
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Nb3Sn , for example, current densities of 1800,000
amp cm™? have been observed (Cody and Cullen 1964).

Further, most experimental magnetisation
curves are not reversible. In both type I and type II
materials this can arise either from multiple-connectedness
at the surface of the material or at cavities within
the material such that when the field is reduced below
Hy, the magnetic flux is expelled from the superconductor
but not from the cavity and a current, a result of the
Meissner effect,will shield the superconductor from the
trapped field. As the magnetisation of the sample is a
result of both internal and external Meissner shielding
currents, the demagnetisation curve will not follow that
of the initial magnetisation, resulting in hysteresis
and a remanent field as illustrated in figures l.6a and
l.6b.

- In type II materials hysteresis is also caused
by a surface barrier effect. This is a consequence of
the second Ginzburg-Landau equation, 1.49, which predicts
that no supercurrent can flow normal to a specimen
vsu;face. To account for this, Bean and Livingston (1964)
‘proposed the existence of image fluxoids outside the
specimen, of opposite sign to the internal fluxoids.

These image fluxoids exert an attractive force on the
internal fluxoids which are prevented from moving into
the bulk of the material.

In a type II superconductor, however, the most
important cause of hysteresis is the pinning of flux
lines in the material by structural defects. ‘Anderson
(1962) and Anderson and Kim (1964) considered these as
point defects, while Friedel et al. (1963) treated them
as cavities. In the Kim-Anderson model, equating the
Lorentz force experienced by the fluxoid with the
pinning force and, taking into account the short range

interaction between fluxoids, yields an expression
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- Figure 1l.6a. The irreversible
magnetisation curve of a Type I
superconductor with flux pinning.
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Figuré 1.6b. The irreversible

magnetisation curve of a Type 1I
superconductor with flux pinning.
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for the activation energy for a bundle of flux lines to
jump a pinning centre:
~ 2 -3 - 3
E, = pH® ¥ /8n J.B.& ° L/c (1.57)

where p is the fractionai efficiency of the pinning
centres and L the distance between them. These two
parameters will vary from sample to sample, since p
is dependent on the type of pinning centre and L on
the metallurgical state of the material.

The nature and size of the pinning centres has
been a subject for much discussion. Kramer and Bauer
(1967) treated the single fluxoid/single dislocation
interaction, drawing attention to the stress fields -
caused by the volume and elasticity differences between

the normal and superconducting fractions of the material,.

These stress fields allow interaction with the stress
fields of the defects. For single dislocations, however,
the interaction energies are émall and from this it has
been deduced that it is dislocation tangles which pin
rather than single dislocations (Narlikar and Dew-Hughes
1966). In the case of interactions with other defects,
e.g. precipitates, inclusions, etc., Livingston (1968)
has suggested that maximum pinning occurs when the
defects have very different electronic properties from
the superconductor, and, in agreement with Campbell et
al. (1968), that to be effective, pinning centres must
have a diameter greater than £.

At a certain field and temperature, the Lorentz
force will just balance the pinning force and at this
value the maximum inteirnal current will be carried, the
critical current J . From this critical state model it
is possible to calculate the field distribution in a
simple sléhshaped sample as 1s shown in figure 1l.7.
Unfortunately it is not as easy to predict the critical
current from the knowledge of the critical fields.
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1.4 Microscopic Theory of Superconductivity

All discussion up to this point has been on
phenomenological theories of superconductivity, based
on thermodynamic and electro-magnetic arguments, but
not considering the basic mechanisms of superconductivity.
The microscopic theory is an attempt to explain the
phenomenon in fundamental terms. )

1.4a The Isotope Effect

The first indication of the microscopic
mechanism of supconductivity was the discovery by
Maxwell (1950) and Reynolds et al. (1950) that the
critical temperatures of the isotopes of mercury are

related by:

Tc M? = constant v (1.58)

where M. is the isotopic mass and a = %, This relation-
ship is illustrated in figure 1.8. The effect was
rapidly shown to exist in a number of other elements
(Lynton 1962, p. 75) but is not an essential property
of all superconductors. Geballe et al. (1961) and
Geballe and Matthias (1962) showed that for ruthenium
and osmium the exponent a has a maximum value of 0.1,
and this‘value appears to be a function of position in
the periodic table (Matthias, 1957).

4 The existence of an isotope effect means that
the phenomenon of superconductivity, an electronic effect,
must be dependent on interactions between the lattice
Ki.e; phonons) and electrons.
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Figure 1.8. The Isotope Iffect in mercuxy
(Lynton 1962,p.74) ,showing the variation of
eritical field near ‘I‘c for different isotopes.



l.4b The Energy Gap

The existence of a gap in the single electron
énergy spectrum of a superconductor can be seen from
five experimental results:-

(i) Low temperature specific heat: An exponential
dependence is found (Corak et al. 1956). 1In
terms of Boltzmann statistics the simplest
explanation of this is the existence of a gap.

(i1) Low temperature thermal conductivity: An
exponential temperature dependence is also found
(Goodman 1953).

(1i1) Microwave absorption spectra: A sharp absorption

| edge is seen at @ = w, ¢ SO that the width of
the energy gap 2A = hme (Glover and Tinkham

1957). - _

(Iv) Ultra-sonic absorption: Very high attenuation
is observed below T_ (Morse and Bohm 1953).

(v) Tunnelling Phenomena: The tunnelling current

R drops to zero for the finite non-zero voltage of

A , a situation analogous to the work-function

effect (Giaever 1960).

. The existence of a gap such as that indicated
by these results can be qualitatively seen in the two-
fluid model. It has further been observed that for all
elements the value of 2A/kBTc is approximately equal to

three (Lynton 1962 p. 92), where kp is the Bolzmann constant.

l.4c ' The Electron-Phonon Interaction’

and Electron Pairing

Consideration of the isotope-effect and the
existence of an energy gap led to the microscopic théo?y
of superconductivity. Fréhlich (1950) and Bardeen (1950)
indicated that an electron moving through a lattice of
positive ions will produce an oscillatory distortion which,
because of the short time involved, can be treated as a |
virtual phonon. A second electron will be attracted by
the positive charge produced and if the force is greater
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than the coulomb force the net effect will be attractive.
That the two electrons can be in a bound state was shown
by Cooper (1956) and in 1957 Bardeen, Cooper and Schrleffer
(1957) published a complete theory (BCS) assuming that

the electron-phonon interaction is the mechanism involved
and that all other interactions at 0°K are the same as

for the ground state of the normal metal.

When two electrons with wave vectors &1 and 52
interact thev are scattered bv the phonon g into states

k' and k' (figqure 1.9a). As momentum must be conserved:
-1 -2

k +k =k +k = K | (1.59)

Furthermore, as the superconducting characteristics of
very different metals are similar, the interaction cannot
depend on the detailed properties of individual substances.
BCS therefore assumed that the interaction only takes
place in a narrow shell, straddling the Fermi surface, of
thickness 2¢ where [el<<hwq » the average energy of the
lattice. This means that to satisfy 1.59, the values of

: Ei and Ezlare restricted to the shaded areas in figure
1.9b. There is thus a sharp maximum in the volume of
phase space available at K = 0, meaning that the lowest
energy state occurs when electrons of opposite momentum
are paired. From consideration of exchange terms it can
be shown that the most energetically favourable condition
is for pairing of electrons with opposite soin, forming
quasi-bosons. The effect then of electronic interactions
is only to scatter from one zero momentum state to another.
The energy of this state is lower than that of a normal
metal by an amount which at absolute zero is H /81 per

unit volume.

'To excite a single unpaired electron from the.
condensed state reduces substanfially the area of phase
space available for pair interaction. The energy required,
therefore, is not just the energy to break one pair bond,

- but a large multiple of this, which corresponds to the

experimentally observed energy gap.
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1.44 The Ground State Energy and
the BCS Equation

If ka. ’ the matrix element which represents‘
the difference between the electron-phonon interaction,
by means of a phonon, and the coulomb interaction, is
isotropic and,from the earlier /‘assumptions,equal to V

and the same for all electrons in the shell at the Fermi

surface and zero elsewhere, and h_ is the probability

k
that the states k and -k are occupied by a pair of
electrons, then the ground state energy W(0O) of the
superconductor at 0% K compared to that of a normal
metal can be written as:

- B} _ hoyyE N
W(0) =%2e h V S {h (1-hy 1) h 1 (1-h)} (1.60]

x KR e

By minimising W(0) with respect to h, and

k
defining:
. !
g(Q) =V ﬁ Fhk'(l"hk )} = (L.61)
E, ={e, ? + «.¢~”(0)}}5 ' | ' (1;62)

one obtains an expression for hy
L&y .
hy = (1=} | S (1.63)
Ex

Substituﬁing 1.63 into 1.61 gives

e(0) =¥ 3
2k {e

e (0) _ (1.64)
2 2 -
k. +e*o}
Changing the sum to an integral of €, assuming symmetry
of states above and below the Fermi surface (e = 0) and
introducing N(0), the density of states at the Fermi

surface, (1,64) becomes:

ﬁw. . .- .
l - [ q de § (1.65)
N(oyv o {e? + €2(0)} g o
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the upper limit of the inteqgral being\defined by the
assumption that for |e|>hwq , V= 0, The solution of
l1.65 is '

e(0) = ﬁweq/sinh(n(o)v) (1L.66)

and substitution of 1.66 into 1.60 gives the ground state

energy:

-2N(0) (fiw )? :
wW(0) = nel (1.67)
“exp (2/N(0)V) -1

To obtain the value of the energy gap at 0° K consider
equation 1.60, The first term for fhe kinetic energy can
be made arbitrarily small while the second is always
finite., Thus, from 1.61 and 1.63 it can be shown.that
the energy gap»is given by:

2e; = 2 Twg/sinh (1/N(0)V) (1.68)

To obtain the ground state energy at temverature

T, an occupation probability for normal electrons is

defined and, as before, the Gibbs Energy minimised,

leading to an expression corresponding to 1,65,

' hw __ - ' '

1 g -de tanhﬁ[ez-!-ez(T)}%
2,02 (m) )15 . .

N(O)V . le2+e2(T)}% {_ 2KyT

(1.69)

The critical temperature is reached when all the pair

states are broken, so that E(TC) = 0 and 1.69 becomes:
l-- - j/'hwq' de tanh 3 (1.70)
N(0)V A € | 2RpT,

which for X, T, <<ﬁwq has a solution:

KT, ='1.l4 hmq exp {-1/N(0)V} (1.71)

This. is the BCS equation and the existence of the isotope

effect can be seen immediately from iﬁ as:



%
Tc oC qu oc M (-1.72)_

Combining 1.71 with 1.68 and taking the experimental
value of 1/N(0)V = 3+4, gives

2¢(0) = 3.52 KBTc (1.73)

To illustrate the validity of this relationship,
Mlihlschlegel (1959) has tabulated the parameters concerned
as functions of reduced temperature and the agreement with
~ experiment- is very close. As an alternative approach to
the problem Thouless (1960) has produced a derivation

of the BCS equation using perturbation theory, determining
T ' as the point at which this breaks down. He finds that

c
even for K Tc/ﬁ'u;q +~ e the energy gap at 0° K is still only.

4;OKBTC. ghe-most complete theory, however, has been
produced by Bogoliubov (1958), who also uses perturbation
theory, considering the phonon interaction explicitly in
conjunction with "the cancellation of déngeroﬁé terns"”

a mathematical expression of the conservation of pérticles
during the transformation, such that, when a pair of
superconducting. quasi-particles, "Bogoliﬁbons", is producéd,

the correct number of electrons and phonons are used.

From the BCS equation G'orkov (1958) has derived
the Ginzburg-Landau equations (1.48) and (1.49) dsing a
Green's function method, an important step which identified

the microscopic and phenomenological theories.

l.4e Weak and Strong Counling

The limit of Ky
limit, where T,, given by the BCS equation 1.71, is a

To <<hwy is the weak coupling

strong function of the density of states at the Termi

surface, as equation 1.71 can be written:

T ’ .

3= = o exp (-1/N(0)V) S (1.74)

: D | ,
where Bpis the Debye temperature.

In the strong coupling limit KpT, = qu and
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MacMillan (1968), using the work. of Eliashberg (1960)
and Morel and Anderson (1962),- has considered the
electron-phonon and coulomb interactions in more detail

and derived the expression:

[1.04 (141)

= 0.69 exp

oloe

(1.75)

o [ -u(140.622)

where A is the electron-phonon coupling constant,
approXimately equal to N(O)V and y the coulomb coupling
constant of Morel and Anderson (1962),

Y = N(O) v

(1.76)
1+N(0) Vc in (EB/éb)

where V_ is the average coulomb interaction, Ep the
electronic band width and wo the maximum phonon frequency.
In the weak coupling limit X << 1 and 1.75 reduces to

the BCS equation.

For materials with a high Tc U << A and 1.75 can

be writtens

T . o - ' '
PR OV - (1.77)
N s
and .. A = N(0) 1I?
Me 2

where I? is a term representing the change in crystal
field arising from the ionic displacements in the

electron phonon interaction.

1.5 Factors Influencing the Critical Temperature

l.5a Matthias's Empirical Rules

From studies of many superconductors Matthias

' (1957) produced a plot of Tc against the average number

of valence electrons per atom (figure 1.10a). Morin
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'ahd Maita (1963) have measured the variation in density
of states for the transition metals.as a function of the
number of valence electrons (figure 1.10b) and peaks
occur at the same values of 5 and 7 that occur in the
Matthias plot (for alloys the peaks are at 4.7 and 6.5)
and Pines (1958) has with partial success attempted to

correlate the two variations on the basis of BCS theory.

1.5b Resonating Bond Theory

Pauling (1968) has given an interpretation of
the Matthias plot in terms of ‘his resonating bond theory
(Pauling 1948, 1949). When a phonon moves through a
lattice of positive and negative ions, the strain produced
by the charge differences will either be relieved or
increased at the peaks or in the troughs of the compres-
sional waveg. The superconducting current will then tend
to move in the troughs if the strains are reduced in the
troughs, where, to reduce the free enerqgy, excess negative
charge will be situated. This Pauling calls a trough
superconductor. Similarly if the excess negative charge
is associated with the peaks, one has a crest superconductor.,
From these assumptions are calculated p, the equivalent of
A in the BCS equation. By standardising to the experimental
value of Tc for technetium, the curve in figure 1l.lla is
obtained, in which positive and negative values of p imply
crest and trough superconductivity respectively. The
resulting values of T, are plotted in figqure 1.11b, which
can be compared with the Matthias plot, the gap between
molybdenum and ruthenium arising from the change from

crest to trough superconductivity.

1l.5¢c The Effect 6f Atomic Order

Garland et al. (1968) have studied the effect of
atomic disorder on the transition temperature. Disorder
increases the avefage amplitude of the phonon spectrum,
which leads to .an increase in the electron phonon coupling
constant and,hence,in Tor but it also ' smears out the
electronic band structure. Therefore in those materials
where\N(O) and )\ are small, disorder will enhance the
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Figure 1.1la, The variation of the electron-
phonon coupling constant p as a function of
valence, (Pauling 1968) -
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Figure 1.l1lb. The variation of the transition

temperature Tcas a function of wvalence.
(Pauling 1968)
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transition temperature, while in those,-particdlarly the
B-W compounds where N(O) is high, the effect of disorder
will be to reduce Tc. The effects of order and composition
in the B-W compounds will be considered in more detail
later.
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Chapter Two

The Beta - Tungsten Materials

. = Their Structure and Properties

"Even when the experts all
agree, they may well be wrong".

- Bertrand Russell

30



2.1 Introduction

The Beta-Tungsten (8-W) structure is so-called
because a R-phase of tungsten was once thought to exist.
This was shown by Higg and Schonberg (1954) to be tungsten
oxide (WO3), but the name has remained. The structure is
also referred to as A.1l5 (Struktiirbericht classification)
and as the "Cr30" structure after one of the first com-
pounds discovered to have the structure. The structure
became of practical interest when it was discovered that
the superconductors with the highest knowncritical tempe-
ratures had this structure. Representative values of

these Tc's are given in Table 2.1. 1In most of these alloys,

‘a lattice softening occurs also at low temperatures and
in a few instances this leads to a reversible phase trans-
formation to a less symmetrical structure at temperatures

a little above the superconducting critical temperature.

2.2 The Beta-Tungsten Structure

When fully ordered the B~W structure has the
stoichiometric composition A4B. The A atom is a trans-
ition element atom from groups IVA, VA or VIA, but the
alloys with high transition temperatures all have niobium
or vanadium as the A element., The B atom is either from
the transition group VIII on one of the IIIB or IVB sub-
~group elements, usually with unfilled p levels,

The structure has the space group Pm3n (Oh?)

and the sites occupiedby the B atoms are the body centred
cubic sites in the unit cell, (0,0,0) and (%,%,%) while
the A atoms occupy half the tetrahedral interstices which
occur at (0,%,%), (0,%,%), (%,0,%, (%,0,%, (%,%,0) and
(5,%,0). The structure of two unit cells is shown in
figure 2.1 and it can be seen that by occupying only
selected interstices,the A atoms form three mutually
perpendicular rows of atom chains, continuous throughout
the material. Thése chains are important in accounting

for the physical properties and have the interesting

S



Table 2.1

Superconducting Critical Temperatures
of Beta-Tungsten Compounds,

Nb.Al 17.1

3 -
Noghu 115
Nb,Ga | 145
V5Ga 16:8

Mb,Sn 18.3
V.Sl 17.0

3 .



- Figure 2.1l. Two unit cells of the B-W
| structure., The atoms are shown on the
front faces only,except for the body

centre B atoms which are shown dashed.
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feature that the interatomic spacing within them is less
than the intefatomic spacing in the structure of the
respective transition element. For example, in Nb and

V the interatomic spacings are 2.859 R and 2.633 R while
in Nb.Sn and V.Si the Nb-Nb and V-V distances are 2.644 %

3 3
and 2,361 R respectively, which represent decreases: in

‘atomic radius of 7.5% and 10.3%.

7z

thereforebe considered'to'have a coordihatlon namber‘
(CN) of 12. The A atoms,on the other hand, have CN=14,
made up of lO A atoms and 4 B atqms..u.This aspect,of the o

Tand*edn

.n

2.2a - Phenomenological Theories of

the B-VVStructure

Geller (1956) and Pauling (1957) have commented
on the application of the resonant bond thedry (Pauling
1947, 1949) to the B-W structure and Pauling (1957) has
calculated the lattice parameters, age of many compounds

of this structure using the equation

- 3, ., 1
a, = 1.7888 (-2- RA + 5 RB) _ (2.1)

where RA and RB are the metallic radii of the atoms A

and B, the factors % and % represent the atomic ratio

and 1.7888 is a geometrical factor. The calculated values
agree well with experiment <for stoichiometric compounds,
but the author did not consider the variation of the
lattice parameter in non-stoichiometric alloys across

the composition width of the phase (see section 2.3),
which, as shown later, is very important in the esti-

mation of the physical properties.

One aspect of the structure that makes the
resonant bonding approach approximate is that the ionic
radii are not Pauling's normal C-N 12 radii. Frank and
Kasper (1958, 1959) show that the structure can be treated



S5

Figure 2.2a. The 'normal

coordination polyhedron for
CN 14 packing .The spheres
above and below the central

one are not shown.
(Frank and Kasper 1958)

Figure 2.2b. The Kagome net
%3.6.%.6. The numbers specify

the sequence of the polygons
around each vertex.
(Frank and Kasper 1958)

Figure 2.2 ¢. The net for the
the B-W structure.
(Frank and Kasper 1959)
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in terms of C-N 14 triangulated shells, which are somewhat
distorted. The method is to consider the alloy in terms
of solid sphere pa¢king, or more correctly in terms of
co-ordination polyhedra, and the co-ordinations which
define a net of triangles on the surface of the sphere,
The normal co-ordination polyhadron for C-N 14 is shown

in figure 2.2a, and if these are combined in a certain
way, one plane of the structure is the Kagome Net (figure
‘2.2b). This, slightly distorted so as to give a square
cell, represents one plane of the $-W structure (£igure
2.2c) and, in three dimensions, these are stacked alter-
nately at 90° to the previous layer. An alternative
approach is to consider the major skeleton, the skeleton
made up of all the atoms with co~ordination number greater
than 12, The major skeleton of the 8-W structure is just
made up of the chains of A atoms. To obtain the complete
structure, hexagons of atoms normal to the bonds are drawn,
as can be seen from considerlng the CN 14 geometry.

Pearson (1968), working from similar space-filling
ideas of Laves (1956) has developed a quantitative method
- of analysing the effects of geometry and atomic size, using
nearest neighbour diagrams. That for the 8-W structure is
shown in figure 2.3. The lines on the diagram are given
by considering the various possible contacts A-A, A-B etc.,
‘which are considered as occurring when the interatomic
d and dB.are equal to ZrA =D

A ' “AB A

At Fg = %(D + Dp) and 2r, = Dy respectively where r'n

and rB are the atomic radii. The lower diagram shows a
reduced strain parameter, (DA - dA)/DB plotted against

distances; d
x

the radius ratio rA/r and the upper diagram shows the

14
volume as a function gf radius ratio. From the positions
of the experimental points on the diagrams, the relative
importance of different factors in the formation of the
structure can be determined, and it is clear from the -
clustering around the line representing the 12 - 4 A-B
contacts and between the 8BB" and 2 BB'lines that the
co-ordination factor is important in this structure, which

clearly has 12 - 14 co-ordination, agreeing with Frank and




Kasper (1958, 1959)., The very close packing, and similar
compressive strain in the A atom chains is also very clear
for this diagram, as is th= tendency for the A and B atoms
to be of the same size. That the alloys with high DA/DB
ratio follow the A-~B (disordered) line, may indicate

partial disorder in these alloys.

2.3 The Equilibrium Diaqrams of

Svstems containing B-W Phases

No knownB-W vhase forms congruently from the melt
(Hansen 1958, Elliott 1965 and Shunk 1969) and therefore
- for the purposes of crystal growth as well as for the
investigation of the compositional dependence of the
physical properties, it is desirable to have as detailed
a knowledge of the equilibrium diagrams of the systems
of interest as possible. The four systems which will be
conéidered, both here and throughout this thesis, are
niobiﬁm-tin, niobium-éluminium, vanadium-Silicbn and
-vanadium—qallium, and in these only that part of the
diagram concerned with B-W phase will be analysed.

2.3a The Niobium-Tin Diagram

The experimental work on the niobium-tin diaqram
has recently been reviewed by‘Madsen'(l970). _Some of the
projectéd diagrams which he quotes are given in figures 2.4
and 2.5. From these Madsen deduces that the B-W éhase
forms peritectiéally at about 2130° C with a composition
at the peritectic temperature of about 81.5 at % niobium.
The diagrams quoted in figure 2.4 all show a range of
homogeneity for the B—w”compoﬁnd down toiroom temperature.
Many authors, e.g. Hanak et al. (1964), have established
that Nb-Sn does have such a range of composition and it
must be concluded therefore that diagrams showing just the

stoichiometric composition are in error. The exact range

and its variation with temperature are a matter of disagree-

ment among the different authors, but Fowler (1963) deposited

films of NbySn at 280° C, which implies that the phase is
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stable to room temperature and that Shunk (1969) is in
error., The cooling rates necessary to check this would,
however, be prohibitively slow. Although the phase

does appear to be stable below 850° C, the diffusion rates
slow down below this temperature, and this may have led to
the interpretation that equilibrium had been reached at
that temperature. The decomposition observed by Reed et
al. (1962) is probably due to the narrowing of the range
of composition towards the lower temperatures as is
suggested by the diagraﬁ of Svetchnikov, Pan and Beletskii
(1967) .

The composition range of the Nb-Sn Al5 compound
is deduced by Madsen (1970) to be approximately 18 - 27
at.% Sn. This result is obtained by analysis of much
published data summarised in fiQure 2.6, where many of
the published compésitions have been adjusted using the
values of room temperature lattice paramaeters. These
data are shown in figures 2.7. The straight line has
been fitted using the data of Vieland (1964), Cullen (1964)
and Pfister (1965). - |

Calculation of composition for B-W Nb-Sn is not
always reliable, as the work of Sahm (1968) and Ziegler
(1968) shows that if hydrogen is dissolved in the alloy
then the lattice parameter is increased as indicated in
figure 2.8a. Hydrogen may be introduced from etching
solutions, so care has to be exercised when alloys are
made by diffusion, and the excess Sn dissolved away with
HCl in order that spurious results for the composition are
not obtained. - The specimens used by both Mailfert et al.
(1967) and King et al.(1967) may have contained hydrogen
which gave rise to the anomalously high lattice parameters
before heat treatment.
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2.3b The Niobhium-Aluminium Diagram

Lundin and Yamamoto (1966) have considered the
results of Savitskii (1959), Baron and Savitskii (1961),
Nedumov and Rabezova (1961) and their own work to make
an exhaustive study of the niobium-aluminium system. The
diagram they deduce, including an enlarged inset of the
niobium~-rich end, is given in figure 2.8b. The Nb3Al
phase is shown as forming peritectically at 1960° c,
agreeing approximately with all three Russian papvers,
who give the temperature as 2260° c, 2120° ¢ and 2060° C
respectively and with Richards (1962) who measured the

peritectic temperature as 2050° c.

Lundin and Yamamoto;(1966) give the range of
composition of the Al5 phase as 17 to 33 at % Al. This
agrees approximately with Nedumov and Rabezova (1961) and
with Kunz and Saur (1966) whose measurements of super-
"conducting properties give an indication of the homogeneity
range. All B-W alloys of this system, however, will be
in a non-equilibrium state at room temperature, as the
single phase regions occur at significantly different com-
positions at high and low temperatures. This may be one
reason why single phase alloys are difficult to obtain.
~ A plot of room temperature lattice parameter against
composition is given in figure 2.9 and the wide scatter
in the results is obvious. A reasonable line can bé
drawn to fit the data, however, if the results of Baron
and Savitskii (1961) and those of Bachner and Gatos (1966)
are ignored. In the former, case the alloys used by
Gladyshe?ékii'(lQGl) were the same as those used by Baron
~and Savitskii (1961) and the discrepancy in their results
would imply that the low value of the later authors is
either a misgrint or the result of some experimental error.
The compositions quoted by Bachner and Gatos (1966) are
those before casting and it is highly probably-that the
true .compositions have a lower aluminium content. In
spite of this weight loss in casting their values of the
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Figure 2.8a.

The lattice parameter
of Nbasn as a function
of the amount of
hydrogen in solution.
(Ziegler 1968)

Figure 2.8b. The equil-
ibrium diagram for the
Nb-Al system as proposed .
by Lundin and Yamamoto
(1966) ,with an enlarged
inset of the Nb-rich end.
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lattice parameters of alloys with low aluminium content

seem anomalously high.

2.3cC The Vanadium-Silicon Diagram

Only two studies have been made of the vanadium-
silicon diagram in the region of 25 at.% Si. The resulting
diagrams are shown in fiqure 2.10a (Efimov, 1963) and
figure 2.10b (Bruning, 1967). There are certain discre-
pancies between the two. Efimov shows a much narrower
range of composition at 1000° C than does Bruning and the
former's eutectic and peritectic temperatures of 1840° ¢
and 2030° C are both higher than Bruning's values which are
1780° ¢ and 1970° C respectively.

~That a range of homogeneity from about 18 at %
to 25 at % Si exists can be clearly seen from the plot of
room temperature lattice parameter against composition
(figure 2.11). The data used to plot this graph are taken
from many authors and the agreement between them is good.
This indicates that the range shown by Bruning is the more
likely to be correct, particularly as many of the alloys
used in the lattice parameter plot were formed at tempera-
tures below 1000° C. Whether the stoichiometric compo-
sition V3
is difficult to determine with accuracy, but the indications
are that it does not and this means that in strict terms

Si falls inside this homogeneity range or not

the compound V3Si does not exist, an important factor to
be considered when discussing ordering and its atomic

structure.

2.34 The Vanadium-Gallium Diagram

: ' The éarly work of Savitskii et al. (1964) predicted
the formation of the B-W phase in the V-Ga system, in a

peritectic reaction, (figure 2.l12a), while van Vucht et al.

~ (1964) and Sazhin et al. (1968) both show the phase forming
directly from the a-V solid solution (figure 2.12b and 2.1l2c).
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Figure 2.11. The dependence of lattice parameter
upon composition in the 3-W phase of the V-Si
system,taken from published data.



Savitskii et al. (1966) and Savitskii (1967), however,
show an additional high temperature phase B8', from which
the Al5 phase appears to form (figure 2.13a). This

phase they describe as a partially ordered form of the
a-Vsolid solution, having a structure related to the

Cs-Cl type. However, as the range of composition of the
phase does not reach the stoichiometric V-Ga, its formula
is of the type.v(vo.5 Gao_s) where the components in the
brackets are disordered on one type of site. Levinstein
et al. (1965) found a phase with the same composition

and temperature limits as 8' but they described it as v,

a hexagonal close packed solid solution of Ga in V.
Moreover, Fischer and Probst (1965) were unable to obtain
single phase VyGa by cooling from the melt. Although they
attribute the second phase in their sampler to the o-V
solid solution or to VeGag, it may be that they had cooled
through the B‘(Y) phase and not reached equilibrium.

© It seems probable that a high temperature phase
does exist and as the papers by van Vucht et al. (1965)
and Sazhin et al. (1968) do not have points in the region
concerned, they do not contradict this view. As the X-ray
intensity calculations of Savitskii et al. (1966) favour
the Cs—Cl structure (figure 2.13b) and the powder pattern
corresponds to this structure it would seem ta be the
" more likely.

All the papers quotea except that of Fischer:
and Probst, which may differ for the reasons discussed
above, agree that the range of homogeneity of the Al5
phase is from about 20 at % to 35 at % Ga, or possibly
“higher, and the dependence of lattice parameter upon
composition is shown in figure 2.14, which uses values
from many authors including those gquoted above. Levinstein

et al. (1965) show a deviation from linearity in their plot,

bpt the values of other authors show this to be fallacious
and that in common with the other systems considered the

relationship is essentially linear.
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2.4 Order-disorder Studies

As the g~-W compounds exist over a range of
éomposition, two disordering mechanisms can be present,
- normal atom interchange and vacancy disorder., Only in
the stoichiometric alloy can the structure be fully
ordered in the Bragg-Williams sense, Van Reuth and
Waterstraat (1968, 1969) from density measurements on
several systems (not including V-Ga, Nb-Al or Nb-Sn) found
that the density of vacancies is low enough for them to be
- ignored and hence they write theBragg-Williams order

parameter as:

S. = A
A (2 1)
1 Fy
r. - P
S, = B (2.2)
- 1 - F

where r is the fraction of A sites occupied by a-atoms

r_  is the fraction of B sites occupied by b-atoms

™

F_. is the fraction of a-atoms in the phase

-

Fp is the fraction of b-atoms in the phase.

Wifh this modification, complete disorder leads to order
parameters of zero, while at S = 1 the alloy will be as
ordered as its composition will allow. A single order
parameter S is defined such that S = SK/KK = Sﬂ/Kg.
Por a non-stoichiometric alloy in its maximum ordered
state, either KA or KB is equal to unity but not both.

- Their results are shown in figure 2.15a, with the results
of Blaugher et al. (1969). The only result not shown in
this figure is that from the. latter paper for V,4Si, for
which' 'S = 0.86. The assumption of no vacancies in the
structure is borne out by the good agreement betwgen the
-densitiescalculated from the composition, assuming substi-
tution‘disorder, as opposed to vacancy disorder,and the |
. observed densities. Another feature of these results is
that the value of S in the only systems studied over a
range of éomposition, V-Pt and V-Ir, falls off on both

sides of stoichiomeﬁry.
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CALCULATED PEAK INTENSITY RATIOS

. (Van Reuth and Waterstraat 1968)
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Measurements of order in Nb-Sn compacts of
various compositions by Enstrom et al, (1962) indicated
‘complete order, but annealing Nb-Sn (25 at % Sn) at
1800° C was found by Reed et al. (1963) to lead to dis-

order, and also to a low Té (see section 2.6b).

Vieland (1964) and Ageev and Sham raii (1965)
found Nb-Sn sintered compacts and arc-melted samples to be
ordered at several compositions, Pfiste;a(lQGS), however,
found a decrease in order with increasing niobium content
in vapour deposited samples, consistent with a model where
the excess niobium atoms replace tin atoms on the tin sites,
but not with a model postulating vacancies in the tin
lattice, while Courtney et al. (1965) and Bachner and
Gatos (1966) found that with tin degradation and the
consequent increase in niobium concentration, vacancies
appeared on tin sites and, below a certain tin content,
on niobium sites. From consideration of atomic sites the
order is calculated in terms of a model assuming purely
vacancy disorder (Bachner and Gatos 1966) so that the

structure factor becomes:

F =X fA ('1'A + Tp) + 4xB fB '.t'B + SfA (TA/4 - 3TB/4)

(2.3)
where XA and XB are the fractions of A and B atoms
fA and,fB are atomic scattering factors of the

+ A and B atoms

* T, = 2&costh/4)(costl/2) + (cos2nk/4)(cos2nh/2)
o+ (cos2nl/4)(cos2nk/2ﬂ
TB_= 1 + cos2n(h/2 + k/2 + 1/2)

S is the order pafameter defined as S = rA - vy

where rA end wp are the fractions of A and B

atoms on A sites.

This model will be developed further in chapter five.
The results of this paper for Nb-Sn are shown in figure
2.15b, and the-correspondlng results for Nb-Al are shown
in figure 2.15¢c.. |

* Note: In Bachner and Gatos (1966).this expression

"for T, is incorrect as the square brackets have
been omitted. :

R .



In the V-53a system the only measurements of order
“have been nmade by Levinstein et al., (1965). The find that
the stoichiometric alloy V,Ga is ordered and they assume
that in non-stoichiometric alloys there are no vacancies,
the excess atoms going to the sites of the opposite type
i.e. for excess Ga atoms, the Ga sites contain only Ga '
atoms and the V sites contain both V and Ga atoms. These
results are given in fiqgure 2.15d. No measurement of
atomic ordering in any 8-W phase above room temperature

has been reported.

2.5 Lattice Softening and the

Low Tenmrperature Phase Transformation

Softening at low temperature in the V3Si lattice
was first reported by Testardi et al. (1965) and Testardi
and Bateman (1967) ,in the Nb3Al and ViGa lattices also by
Testardi et al, (1967) and in the NbBSa lattice by Keller
and Hanak (1966, 1967), Testardi et al, (1967) and Rehwald
(1968). The results of theée papers are shown in figures
2,16 and 2.17a. The main feature of all the plots of

(¢, - ¢,), the stiffness parameter or shear modulus and

1
of the velocity of sound, against temperature for V-Ga,
V-Sn, Nb-Sn and Nb-Al is the drop at low temperatures,
which implies lattice instability. In V,Ge (also of the
B-W structure) by comparison,there is a rise in both the
shear modulus and the velocity of séund'as can be seen

in figures 2.17a and 2.17b.

At about the same time Battefman and Barrett
(1964, 1965) reported a phase transformation in V481 to
a tetragonal form with c/a = 11,0024 at about 20°K and
later Mailfert et al. (1962) observed the tranéformation
in Nb3Sn the tetragonality being of the opposite sign
(c/a = 0,9964), Both these measurements of the trans-
fbrmatidn used Berg-Barrett topographs of single crystals
and these crystals were grown by an HCl transport technique
(Hanak 1963). These same crystals or similarly grown ones
were those used for the lattice softening measurements of
Rehwald (1968), Keller and Hanak (1965, 1966) while those
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of Testardi and co-workers were grown by the zone
refinement technique of Greiner and Mason (1964).
Gorringe and valdré (1965, 1966), using crystals
supplied by Batterman, observed the transformation

using an electron microscove.

King and Pollock (1967), however, could not
observe the transformation optically in VBSi, while
apparently observing one by X-ray diffraction on a
powdered sample (though see section 4.4), and, indeed,
Batterman and Barrett (1965) found that not all single
crystals cut from the same bar transformed. 1In Nb, Sn,
however, both Mailfert et al. (1967) and King et al.

(1967) found heat treatment to be necessary to drive

off either excess tin or hydrogen before a transformation
could be observed. That the amount of lattice softening
also varies from sample to sample can be seen in the
resulfs of Vance and Finlayson (1968) and Testardi and
Bateman (1967) (figure 2,18 a & b). The results of
Bonnerot et al. (1969) for the specific heat also of

V-Si also show a compositional variation (figure 2.18¢).
King (1968) has investigated the Jdependence of the
transformation on composition in Nb-Sn and produced the
phase diagram in figure 2.19. The changesin Young's
modulus with temperature measured by Finlayson (1968)
replotted as a function of lattice parameter in figure
2.20, indicate that a similar diagram may exist for V-Si,
Figdre'2.20 also shows Tinlayson's results for the effect
of a magnetic field on lattice softening. _

Testardi et al. (1970) report:that(from a stoichi-
ometric melt) the first samples to freeze have low resistance
ratios and little second phase and are unlikely to trans-
form. Subsequent regions to freeze show an increasing
resistance ratio, and amount of second phase and become
more likely to exhibit a structural transformation at
Tm = 17° K. The last to freeze have the largest resistance
ratio, the greatest amount of second phase and almost

certainly transform at Tm ~ 22° K. This may iﬁply
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a slight change in composition between the first and last
crystals or the amount of second phase may be important

in controlling the transformation.

The phase transformation has been observed in
the V-Si and Nb-Sn by other methods also. Indeed the
measurements of Shull (1964) using neutron diffraction
were the first indications of a transformation. Patel
and Batterman (1966) measured the lattice softening
directly and concluded that a stress along the [100}
direction, if large enough, could suppress the trans-
formation completely., The temperature of the transfor-
mation is, however, unaltered by stress. The specific
heat measurement of Kunzler et al. (1966) confirm this,
while the extent of the specific heat anomaly decreases

with stress ( figure 2.21 a and b).

The thermodynamic order of the transformation
has been the subject of much debate. Mailfert et al. (1967)
observed no volume change at the transformation and implied
that the phase change was of the second order. King et al.
(1967), however, observed a 0.28% increase in volume in the
tetragonal state and concluded that the.change was first
order, in support of the theories of Labbe and Friedel
(1967) and Cohen et al. (1967), (see sections 2.7b and
2.7c). A recent paper by Vieland et al. (1971), moreover,
confirms that the transformation in Nb3Sn is first order,
from measurements both of sound-velocity and by X-ray
diffraction. Vieland et al. (1971) also show that the
transformation takes place over a narrow temperature
range with a spontaneous tetragonality at the transition
(figure 2.22a), and that the shear modulus does not
actually go to zero at the transformation temperature
(figure 2.22b). Vieland (1971) has also measured the
DebyefWaller factor of Nb3Sn using X-ray methods and
finds a certain disagreement with the values found by Shier
" and Taylor (1968) using the Mossbauer effect (figure 2.22c).
A further anomaly was pointed out by Vieland and Wicklund
(1968), in that specific heat measurements at the trans-

formation indicate the transition to be second order, and
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Figure 2.2la shows the differences in the
specific heat curve with different stresses
applied to a VESi crystal. Figure 2.21b
"shows the difference between the specific
heats in the stressed and the unstressed
.statés. (Kunzler et al. 1966) |
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that the X-ray, acoustic and direct specific heat
‘measurements appeared to be irreconcilable within the
available theoretical framework. Rothwarf (1970) may
provide an explanation of these anomalies. He suggests
that in the transition metals the electron-electron inter-
action involved in both superconductivity and the structural
‘transition is the result of acoustic plasmons, rather than,
or as well as, phonons. These acoustic plasmons, suggested
by Fréhlich (1968) are collective modes of the screened
inner-band electrons. According to this theory, (considered
in more detail in section 2.8 ) the different methods of
measuring the physical properties will lead to different
results because what is being measured is different for

A

each method,

_ A transformation has been reported in V-Ga by
Nembach et al. (1970). This was in a thin film electron
microscope specimen, the B8=W phase being formed by inter-
diffusion of Ga and V. The temperature of the transfor-
mation was about 50° K but the composition of the B~y
phase was unknown. No bulk transformation of V-Ga
has been reported in the literature and Gossard (1966)
reports the absence of distortion of the n.m.r. spectrum
for V-Ga. Similarly in the Nb-Al system no transformation
has been observed and Willens et al. (1969) report that
they did not observe a transformation., Their sample,
howevef, is referred to simply as Nb3Al, with no composi-
tion, or room temperature lattice parameter to characterise
‘the composition, reported and thus it cannot be inferred
from this result that there is no transformation in the
Nb~Al system. Certainly lattice softening has been
reported in both V-Ga  -and Nb-Al systems by Testardi et al.

(1967a) as can be seen in figqure 2,17a.
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2.6 Superconducting Properties

2.6a Introduction

When Nb3Sn was shown by Matthias et al. (1954)
to have a critical temperature of 18.05° K, this was the
start of work on the superconducting properties of the
B-W structure compounds. The subsequeﬁt discovery by
Kunzler et al. (1961) that the phase also carried a high
critical current indicated that Nb3Sn could be of use
for manufacturing high field superconducting magnets.
The properties of other compounds with the same struc-
ture were also measured and it was realised that it was
the structure which gaVe rise to these exceptional
properties, Indeed, Geballe et al. (1967) found that a
ternary alloy Nbjal-Ge) had a T, of 20.05° K. -~

2,6b Critical Temperature

It was shown by Hanak et al, (1964) that the
critical temperature of the Nb-Sn 8-W phase was a
-function of composition and subsequent papers by Bode
et al. (1964, 1967) for example, having confirmed this,
A plot of transition temperature against composition (or
‘lattice parameter, the relation between the two taken
from figure 2.8a) is given in figure 2.23a.

The critical temperature in the other 3 systems

. under consideration, Nb-Al, V-Ga and V-Si, has been shown
to be a function of composition by varioﬁs_authors, and
the results plotted as for Nb-Sn are shown in figures

. 2.23b, 2.24a and b respectively. There are also results
available for the dependence of critical temperature on
formation temperature, annealing temperature and annealing
time and it is clear that there are other ways of plotting
composition dependence. It has been suggested that atomic
order also has an effect on the critical temperature (e.q.
Hanak et al. 1962, Reed et al. 1963), but the results of
Bachner and Gatos (1966) indicate that it is difficult to
separate effects of non-stoichiometry from those of disorder.
Indeed the dependence on composition may be partly a result
of the two sorts of disorder described in section 2.4.
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The B.C.S. equation (equation 1.71) gives Té

as:

T, = 1,14 6, exp (-1/N(0)V) (2.4)

A change in composition will, therefore, affect:
all the parameters BD , N(O) and VvV, apart from affecting
the degree of order and there has been much discussion as
to the relative importance of the electronic and phonon
band widths. This will be discussed in more detail in
sections 2.8 and 2.9 when the band structure of the B~w

-

compounds is discussed.

2.6¢ Critical Field and Critical Current:

The upper critical field H,, and the critical
current Jc in type II superconductors are very structure
sensitive and the work of Hanak and Enstrom (1966)
indicates that grain boundaries act as pinning centres.
An increase in Jc has also been observed after the:
irradiation of\Nb3Sn (Cullen and Novak 1966) and Hart
et al. (1969) show a direct relationship between the
oxygen content and the critical current density (figure
©2.25a).

_ A good measure of the pinning force is the
magnetic hysteresis or remanent flux of a sample and
the measurements of Potapov (1967, 1969) in Nb-Sn and
Finlayson (1968) in V-Si show that these factors are
composition dependent (figures 2.25b and 2.25c).
Potapov attributes the variation to the variation of
grain boundary area with composition and Finlayson to
the amount of second phase in the B-W structure matrix.
The lowe: critical field H, is also a function™8F pinning
because of its dependence on k (see section 1l.3).
which is structure sensitive and the results of Meyer

(1968) show a variation in Hc.wwith composition. (figure

. v
2.26a), another indication of the variation of the pinning

force with composition. The reason for this composition

-~



“xl05S

o (A em=))

; i
; 1
Analyticai dolo for

b S NbySn loyers
Point  Oxygen content
(p.pm)
X 1 170
! 2 490
3 1c00
! K \
{ . | !
0 05 0 15 20

\“" éz ig ’ Sl o<
’ “é: T QOAz7éwb '
L AN T
| “?{?‘7 77/ \Kﬂc
el b AN e ;
WV RAAY
ot L LN e
3 7 B e — \f\‘\ 1 o9
R Pl 2 N VP
38 N\‘ 5285 b;
l 2+ 61— \{“q 5283,
fiflrb - é‘ L5281
O T W W W 60 o
LLWE e B S
-
N
o W

e fran

2:5
. Dxygen content in vepour during deposition (volume6) -

- remanent fluxBr,Hysteresis BH

Figufe 2.25a. Critical
current density Jc as. a
function of oxygen content
in Nb,Sn at 46 kG and 4.2°K.
(Hart et al. 1969)

Figure 2.25b. The varidtions on

. max?
area of grain boundaries S and

lattice parameter a_ as functions

o
of composition in Nb-8Sn.

(Potapov 1969)

Figure 2.25c.

The variations in remanent
flux Br and magnetic
hysteresis {MAH with
lattice parameter in V-Si.
(FPinlayson 1968)

#1715

s



dependence is not clear and a "high concentration of
pinning centres in a sample does not necessarily indicate
that a phase transformation has taken place in the sample,
-though the results of Livingston (1966) on In-Tl alloys
(figure 2.2¢6b) show that cubic-tetragonal phase boundaries

can act as strong pinning centres.

Measurements of the magnetisation curves of V-Ga
and Nb-Al have been made by Foner et al, (1970) and their
results are in figure 2.26c¢. It is clear from the two
curves for V-Ga that this system also has the composition
dependence of the magnetic properties and the values of
Levinstein et al. (1965) (figure 2.26d) show this clearly.
Also shown in figure 2.26c¢ are the authors' measurements
on Nb79(A173Ge27)2l and the high value of Hop observed
for this alloy may indicate pinning at phase or grain
boundaries or both, for Howlett (1969) has reported that
the ternary alloys tend to be multiphase, with more than
one phase of the B-W structure, all with slightly differing
compositions, The high values of critical current and
‘field for the ternary alloys have also'been observed
by Yasukochi et al. (1970).

2.7 The Electronic Structure

2.7a Early Anproaches

To explain the strong temperature dependence of
the electronic susceptibility, the large electronic
.spécific heat in V3X compounds and Knight shift measurements
Clogston and Jaccarino (1961) suggested a one-electron
model in which the density of states p(E) has a sharp
maximum on, or near, the Fermi level. Weger (1964)
.developed this model and suggested that the density of
states is essentially one-dimensional. The 3d states
of the V atom electrons, forming, if the tight-binding
approximation is used, three degenerate bands,'such
that the Fermi surface appears as illustrated in

93

AN rpam



24

[o2]
(@]
T

A
S

Lowew Cei hu,\ Fldd
5
\ 1
§§§§\\\
AN —
O .

00.900 0925 - 090 0975 . 1000 30 Y3
: Reddced "Temperatnre T /1 ot o TL

Figure 2,26a, The variation in
the lower critical field with
temperature for four different
gpedimens.(Meyer 1968)

Figure 2.26b.
The variation in.

~ remanent flux as =a

function of composition

in In-T1l.(Livingston

1966)
_ - 7 - 300
N
: ! =N
400 \
Poagop \
\
300 \
§ : 1o+ \ .
2 gi \
200 ‘ X 210k \
i (o \
: [
Nepgl AlySeyp)y, - \
100 B T % \
\
2.5 ! 1 \5 1 —
5 16 2] 18 ’9 20
TK) - ; ' at o Ga.

Figure 2.26d. The var-
iation in critical field
as a function of comp-~
osition in V-Ga.
(Levinstein et al. 1965)

i
H

Figure 2.26c. The variation of
upper critical field as a function
of temperature in different B-W
compounds.(Foner et al. 1970)



25

.27a. The Fermi surface of the 334 electrons

Figure 2
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SO A N N N N N N

W/,

Figure 2.27b. The density of states of the compdunds
;with the B-W structure. (Labbe and Friedel 1966)
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figure 2.27a. This one-dimensional model has been taken
and used to develop two similar theories by Labbé,
Friedel and Barisié, and Cody, Cullen and Halloran.
These will be considered in the followinrg sections.

2.7b The Labbé-Friedel-Barisie Model

The basis of this theory is given by Labbé
| (1968) and Labbé and Friedel (1966). Because the
- atoms in the <1002 chains are so close, the nearest-
neighbour interactions are much stronger than any
others, and the chains can be considered separately.
There are thus three degenerate 3d bands. These,
however, spli't into three sub-bands as a result of
the crystal field, a kind of Jahn-Teller effect.

The resultant density of states appears as illustrated _
in figure 2.,27b, The specific heat. measurement of
Morin and Maita (1963) and the Knight shift measurements
of Clogston (1964) indicate that the Fermi level must
lie at one of the peaks. _

On the basis of this model many of the low
temperéture properties have been calculated. By
expahding thé free energy as a power series in tempeF
rature, Labbé and Friedel (1966) calculatedthe distortion
in the tetragonal state ‘and the temperature of the phase
_ transformation. Labb& (1968) deduced from this the
relationships between the shear modulus M = %(C,, - C;,),
the - temperature at which it goes to zero Tm and Q
the number of electrons (or holes) per vanadium (or
niobium) atom in the sub-band. These relationships are
illustrated in figure 2.28. There is qualitative agree-.
ment between the dependence of Tm‘on Q for Nb3Sn in
figure 2.28b and the compositional dependence of the
martensitic transformation found by King (1968) (figure
2;19). Labbe also shows that the transformation must
tkae place in the normal state as the distribution func-
tion in the superconducting state is no longer the Fermi

function. The values of Tc given in figure 2.28,
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are those calculated by Labbe et al. (1967), where they
assumedthat the lack of isotope effect observed in

Nb3
the electronic spectrum imposes the energy-range

Sn -(Garland 1963) implied that the narrow range of

limitation in the electron pairing interaction. This
is the opposite of the more usual situation where the
narrowness of the phonon spectrum produces the limita-

tion (see section l.4c).

The paramagnetic susceptibility in the normal
state and the Knight shift in the cubic and tetragonal
phases have also been calculated using this model (Labbe
1967) and the agreement with the results of Clogston et
al., (1964, 1962) and Gossard (1966) is reasonable,

2.7c The Cohen-Cody Model

The model of Cohen et al. (1967) takes the
sub-band structure but emphasises the aspect of the
sharp drop in the density of states near the Fermi level,
The position of the Fermi level is found by equating
the total number of occupied states at temperature T to
that at T = 0° K. The temperature dependence of C,, ,
Cn = Cpn :
resistivity are calculated in terms of the motion of

r the electronic susceptibility and the

‘the Fermi level at the: sharp arop in the density of states,
The agreement with the experimental data of Woodward and
Cody (1964), Keller and Hanak (1967) and Clogston et al.
(1964b; 1962) is good (figure 2.29 a-c).

In a further paper (Cody et al. 1968), the
tetragonal distortion and the specific heat as functions
of T/Ty are calculated, the correspondence with the
_expérimental data of Mailfert et al. (1967) and the
authors own work being good (figure 2.294).

The theory, as that of Labbe et al. predicts a
firsﬁ order phase transformation, while Andierson and
Blount (1965) and Birman (1966) suggest that the transi-
tion may be second order, arising from a change in inter-
nal symmetry, similar to the appearance of a polar axis
in a ferro-electric e.g. in BaTiO, (Guttman 1950) .
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The experimental evidence seems to show that the trans-
formation is first order but with a much smaller latent
heat than that predicted by either theory (Vieland and
Wicklund 1969). :

A similar band structure is derived by Mattheis
(1965) using the augmented plane wave method, but this
method is not very suitable for the B~W structure as it
assumes that the electronic distribution at the atom
has radial symmetry, which is not the case in this struc-
ture, which is highly anisotropic. One point that does
appear from these calculations is that the band structure
is changed very little by changing the B atom (in an A3 B
alloy).

2.74 Further Developments of
the Band Structure

) Kéts (1969) accepts the Labbd density of states
and uses the small number of electrons in the d-band as
the important factor in a Green's function method to
. derive similar qualitative results to Labbé et al. for
T, and T :

c m’
out, however, that these results cannot be quantitative

the transformation temperature. He points

for two reasons, one for which he allows, though ignored
by Labbe et al. (1970) in their calculation of T_ and a
second which is fundamental in that it is not possible to
sum over all theelectron-phonon interactions, or Cooper
diagrams. Further, Vieland (1970) using the experimental
results of Reed et al. (1963), Bachner et al. {1967) and
Hagner and Sauer (1962) on Nb4Sn, _ Sb  finds that T, the
transformation temperature, and, presumably the band para-
meters and the filling of the d-band, do not vary with
"differing proportions of Sn and Sb, while T . decreases

linearly with increasing Sb content. The direction of

the tetragonality, however, does alter with the Sn content,

the alloys near Nb,Sn having tetragonality of the same
sign as the binary allov while those with x = 0,15 have
the opposite tetragonality. Alloys with x = 0.05 appear

to have transformations of both signs!
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Weger (1270) analyses the band structure in
more detail -and points out that for two of the d sub-bands
the next-nearest neighbour, or interchain, interaction
is more important than the nearest neighbour, or intra-
chain, interaction,'while at some high symmetry points
in reciprocal space the interchain interaction vanishes
altogether, enhancing the one-dimensionality of the
situation. The combination of these factors leads to
the quasi-one dimensional situation given by Weger (1964)
in his earlier paper (figure 2.27a),. With the special
symmetry of the environment of the linear chains,
splitting of doubly degenerate bands may occur giving
singularities in the density of states. 1In a distorted
cfystal,non-degenerate bands may also split giving rise
to the lattice instability. Weger (1970) also noints
out that the Cohen et al. (1967) model, which accounts
for the most properties, is essentially two-dimensional
including discontinuities but not singularities in the
density of states and that magnetic properties and non-
magnetic properties arising from the effective and the
~bare densities_of states respectively will vary differently,
as indeed appears to be the case in Nb3A1 (Willens et al.
1969). '

A further important point made by Weger (1970)
is thét the good superconductina properties and the
lattice instability are probably intimately connected,
as originally suggested by Frohlich (1954) and by Pauling
(1969) in his resonating bond theory of the electron —
phonon interaction. This point‘is underlined by Rothwarf
(1971) who attributes the structural transformation to
the coupling of the plasmon and phonon modes such that
at lower'temperature the plasmons have more energy and
drive the lattice into a new mode of oscillation. This
mayvbe related to the composition dependence of the trans-
formation, which can be seen by comparing figures 2.30a
and b. - Figure 2.30a shows the lattice contribution to '
the specific heat as measured by Bonnerot et al. (1969)
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and figure‘2.30b shows the calculated variation with

different numbers of plasmon modes.

2.8 The Occurrence of Sunerconductivity

As pointed out by Kats (1969), for the reasons
stated in the last section, it is not possible to cal-
fculate critical temperatures exactly. However, Blaugher
et al. (1969) and Hein et al. (1969) have analysed
experimental results in terms of the following equation
(1.75), (McMillan 1968).

9 _1.04(1+)) ] (2. 5)
1.45 ) A=u (1+0.621)]

By this method, they consider the relative importance

of A,ODgand,with knowledge of vy, the electronic specific
heat coefficient of N(0), in determining TC’ Figure 2.31a-
shows a plot of A against Npg (0) where NSS(O) is the basic
density of states and it can be seen that the A atom is
important in determining Td’ the two lines approximating
the behaviour of compounds which have 34 and 4d
transition metals as the A atom. This is reflected in
the plot of Tc’aqainst the number of. valence electrons
per atom (figure 2.31b). However, from specific heat
measurements one would expect the 3d compounds to have
higher Tc's than the 4d compounds, while the reverse is
the actual case. This leads Hein et al. (1969) to infer that
it isthe phonon‘density of states, rather than the elec-
‘tronic density of states which principally determines

the strength of the electron-phonon interaction in AlS5
compoundé, while Blaugher et al. (1969) suggest that the
phonon density of states itself may be a sensitive
function of atomic order as well as the electron density
of states as proposed by Garland et al.‘(1968), (see
section 1.5c).

If, however, it is the acoustic plasmons which

determine the strength of the supefconducting interaction
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B-W compounds as a function of the
band structure density of states Nbs(o).

- (Blaugher et al.1969)

Figure 2.§lb.'The critical temperafure Tc

as a function of the electron to atom
ratio for B-W compounds. (Hein et al 1968)
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as suggested by Rothwarf (1970) then the interaction will
be a sensitive function of pressure, impurity content,
composition and order, for when the d-band ‘density of
states at the Fermi surface is high, the parameter con-
trolling T, is e _(qp), the contribution to the longltudlnal
dielectric constant arising mainly from band to band
electronic transitions, where I is the maximum wave
number of the acoustic plasmons determining the number
of modes, or degrees of freedom, associated with the
acoustic plasmons.‘ This factor gﬁqﬁ) appears from
Rothwarf's calculations to be highly sensitive to struc-
tural variables. '

A Testardi et al. (1971) suggest that the compo=-
- sitional variation of Tc is due to strain in the lattice
and also calculate the change in Tc for V351 due to the

structural transformation, which apoears to agree with

. experiment,

2.9 Summary

It seems clear from the published results that
both the superconducting properties and the magnitude
of the lattice instability in a particular alloy depend
critically on its composition. It also seems probable
from the‘theoretical work that these properties arise
from the unusual density of states of the B~ Wstructure
and that their variation with composition is a function
of the position of the Fermi surface. However, neither
the exact mechanism of this dependence nor the part played
by atomic disorder is at all clear.

Further problems are, firstly, the absence of
a phase transformation in alloys, in which theory, based
on previous results, predicts a transformation; secondly,

the role, if any, of second phase in alloys and, lastly,

the role, 1f any, of 1mnur1t1es in the A. 15 phase 1tse1
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Chapter Three

Experimental Techniques

"Life can only be understood
backwards, but it must be lived forwards".

- Sgren Kie:kegaard.
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3.1 Sources and Preparation of Materials

The materials used in the present work came
from a variety of sources. Some were kindly supplied
by other laboratories and others were prepared as part
of the project. A complete list of the alloys used,
their sources and the methods of préparation is given
in Table 4.1. In certain cases the method of preparation
is unknown and this is indicated by a question mark,

Of those materials prepared in the course of
the project, some were prepared by R.F. induction
l heating under purified arqgon, using the method of
Stirling and "arren (1963), as adapted by McDonnell et
al. (1967), and others by arc melting. Attempts to make
vanadium-gallium by interdiffusion proved unsuccessful
because the vapour pressure of the gallium proved to be
- too great for the silica capsules which were used. The
ahalysgs and sources of the constituents of the alloys

prepared in the present work are given in Table 3.1.

All samples were heat treated and, except where
otherwise specified, in sealed silica capsules in an
alumina horizontal tube furnace, heated by "Crusilite"
silicon carbide elements and controlled by a Eurotherm
PID/SCR 25 controller. Other heat treatments were
performed in an Edwards vacuum furnace. The temperatures
in both furnaces were measured by a Pt : Pt 13% Rh
thermocouple with the cold junction at OOC, in an ice and
water mixture, using a Croydon Precision Instruments

Potentiometer Type P.4.

3.2 Metallography

For metallographic examination the samples were
mounted in metallurgical mounting plastic and polished
using graded silicon carbide papers and finally with
alumina powder on.-a damp pelishing cloth., This produced
a more scratch-free surface than using diamond paste,
presumably because of the brittleness of compounds with
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Table 3.1,

Specifications of Materials
Used in Alloy Preparation.

Si (Johnson and Matthey)

Cu “1lppm
Mg lppm

A1(Johnson and Matthey)

Mg 20ppm -
Zn 8ppm
Fe Sppm
cd ~ 2ppm
Si . 2ppm
Cu " lppm
Ag 1lppm

Nb(Johnson and Matthey)

Si 50ppm

Fe _ . 20ppm )

Mg lppm :

Ta 0.02% (X-ray Spectroscopy)

V(Union Carbide)
c - 0.059¢

0, 0.09 %

N, 0.043¢

R YIY
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B-W structure. The samples were then etched in a solution
of 5% HF, 30% HNOj;, and 65% H;0. (Gorringe and Valdre, 1966).
The micrographs were then taken using an Olympus Pen 35 mm,
camera mounted on a Nachet metallurgical microscope.

3.3 Measurement of Room Temperature

Lattice Parameters

The measurement of accurate room temperature
lattice parameters was important as these values were
used to characterise the composition of the alloys,
with which most of the other properties were related.
Powder patterns were obtained using a Philips 2 radian
(180 mm. circumference) Debye-Scherrer camera, mounted
against the line source of a Philips vertical tube X-ray

‘generator, with a copper target. 1In many cases it was

necessary to place an aluminium foil over the film to
improve the peak to background ratio. The films were
measured using a Hilger and Watts vernier film measuring

‘device. It was found by repeated measurement that

reading accuracy could be reproduced to * 0,005 cm,

Using the wavelengths of the copper Ka; (1.54051R)
and Ka, (1.54433R) 1lines for resolvable doublets and the

- weighted mean of these'(l.54l788) for unresolved doublets,

all three taken from the International Tables for X=-Ray
Crystallography (1959), the lattice parameters were
calculated by the computer programme D.S.L.P. (Appendix 4a).

The basic method of the computer programme is

~that of Vogel and Kempter (1961), based on those of Hess

(1951) and Cohen (1935), with indexing checks taken from
the methods of Hoff et al. (1964, 1965) and Farrar (1966).
A shrinkage correction is first calculatéd using the mean
of each pair of lines to define the 26 = O and 26 = 180°
positions. During this operation an accuracy éheck is
made -and any line which lies outside three standard.
deviations of the mean is thenceforth ignored in the
calculations. The Bragg angles 8 are then calculated and
an indexing check carried out by comparing the values of
(sin?0//N) for each line (where N = h? + k? + 12 and hkl

. :
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are the Laué indices) with a mean value and re-indexing

those lines which do not fall within specified limits.

. To calculate the accurate lattice parameter ag v

the Bragg equation is written in the form,

A = sin (8 + AB) = cos %(¢ + A¢) (3.1)
2d

where ¢ = (180O - 206) is the experimentally measured
angle and A¢ is the correction, arising from systematic
errors, which causes the Bragg equation to be satisfied,
(d is the inter-planar spacing). This equation can be
expanded by Taylor's theorem and wiitten in terms of a

residual function ¥ as:
| F =20+ KOG - Y (3.2)
where Ao=l/a02, a_ = lattice parameter,

o = 322(h? + x? + 12?), A = wave length

hkl = Laue indices, K, = "drift" constant
Y = l+cosé = 2sin?sg
§ = sin? 26[ 1 + 1), the extrapolation function for
(sine ;' Debye-Scherrer Geometry.
KO corresponds to the gradient of the extra-

polation plot obtained using the graphical method.

Using the least squares method of Deming (1943), with

the approximate value of a, taken from the highest angle
reflection and the initial value of KO = 0, the function
Iwr? is minimised, where the sum is taken over all observa-
tionsy w is an observation weight derived by Vogel and
Kempter (1959) and Kempter (1959) (given by Beu (1967))
using the method of maximum likelihood: '

2
w=1/{K_ 4 cos’6 - 8 sin?f cos® + 2 sind® - sin’26|-2 sin2@

8 ; g2

; (3.3)
From this minimisation‘corrections to the values of Ab

and Ko are found and the calcuiation reiterated until



it converges. When the lattice parameter has been

derived the Bragg angles are calculated and compared
with.the measured angles. If the agreement is not

within specified limits, the relevant lines are re-indexed

or discarded and the calculation repeated.

- 3.4 .X=Ray Measurements at High Temveratures

Order-disorder effects and lattice expansion
effects were measured with a Unicam S.150 High Tempera-
ture Camera designed by Goldschmidt (1955, 1961), mounted
on a Hilger and Watts Y.33 Generator.

3.4a The High Temperature Camera

_ - The Goldschmidt Camera is.shown in figure 3.1.
‘The camera had been unused for several years before the
present work, and serious vacuum leaks were found in two
places; the compression joint throuéh which the thermo-
couple leads pass and the compression joints holding the
circular aluminium windows, through which the incident
and straight-through beams pass. The first of these leaks
was cured by redesigning the thermodouple exit from the

" vacuum chamber and replacing the compression seal with a
ceramic lead-through mounted in an O-ring seal. This

. involved removing the vertical and rotational oscillation
motofs,'which were only needed for measuring the tempera-
ture variation across the furnace gap (section 3.4c).

The second leak, arising from unevenness in the surfaces
involved, was cured by packing the joint with a layer of
Apiezon sealing.compound. The main window of the camera
was also renewed before starting the experiments.

The camera was evacuated with an Edwards type 102
diffusion pump backed with an Edwards 2SC 20A two stage
rotafy pump and the vacuum was measured using a Pirani
gauge. When the vacuum was better than lu Hg., this was
regarded as adequate, as the powder specimen was sealed
within a separate capsule as described in section 3.4b.
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A~ focussing furnace
D~ thermocouple
F- pumping line
G- aluminium window

H-~ specimen rotation
motor.

K-~ leaded glass,
N- collimator

Other letters refer
to water and elec-
trical connections etec.

Figure 3.1. |
The Goldschmidt High Temperature Camera .
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Thé specimenwas aligned by adjusting the capillary in

the camera top while viewing through a telescope and

tﬁen the camera alignment was checked by centring the

image of the capillary on the leaded glass screen of the
film holder with the adjustments illustrated in figure 3.2a.

3.4b Specimen Preparation

As all the materials being studied were alloys
of niobium or vanadium, both of which oxidise readily
at high temperatures, it was necessary to ensure that
the specimens were maintained under vacuum at all times.
The design of the standard specimen mount (figure 3.2b)
is such that if the capillary is left open and then
mounted in the alumina tube, the fixing cement can block
the end of the capillary, thus preventing effective
evacuation. If the tube remains clear, it is then likely
that the powder will be sucked out of the capillary if

the evacuation is sudden.

To avoid either of these situations, the
specimens weré~sealed in the capillaries under vacuum.
To this end the avparatus, shown schematically in
fiéure 3.3, was constructed. The detailed use of this
device is described in Appendix 1 , but the main principles
are as follows. The capillary is mounted in a copper foil
using "Araldite" epoxy resin and the foil is sealed to the
underside of the bell-jar base plate in a compression seal.
The specimen powder is flaced in a small hooper, which
can be opened when the bell-jar has been completely
evacuated, so that the powder can fall freely into the
capillary. The capillary, which extends outside the bell-
jar, is then sealed with an oxy-gas flame. The powder
itself was prepared by grinding the alloys with a pestle
and mortar and sieving through 350 mesh., With the brittle
compounds béing studied, stress-relieving proved unnecessary,
which was an advantage as this treatment could have altered

-
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the degree of order in the sample.

To reduce exposure times, which were, none the
less, long (between 6 and 20 hours), capillaries of 0.5 mm.
diameter were used in place of the usual type of 0.3 mm.
diameter. The capillaries were of quartz to withstand
the high temperatures., 1In some of the alloys there may
have been slight interaction between the powder and the
silica c;usinq brittleness as breakage sometimes occurred
‘on cooling. This may, however, have been due to simple

thermal stress in the capillaries.

3.4c Choice of Radiation

_ The original intention was to use copper but
as the camera was used with a demountable Hilger and
Watts Y.33 microfocus X-ray tube, it was a simple matter
to change anodes to obtain other radiations. With
copper radiation the peak to background ratio on the
films was so low, that it was difficult to distinguish
~the powder pattern even at room temperature, and as the
temperature was raised the pattern became completely
indistinguishable. This lovaeak'to background ratio
could have been due to any of four factors:-
1. High absorption in the sample, giving fluorescence.
2. Lack of collimation inside the furnace.
3. 'Absorption in the aluminium window of the camera.
4, The long specimen to film distance. '

Since precision room temperature lattice para-
meters were obtained using the Philips 2 radian Debye-

 Scherrer camera with copper radiation, fine collimators

and an aluminium foil over the film it was considered

that the first two factors listed above were the most
important. This was confirmed by the unusually long
éxposure times required to obtain films with good contfast.
An attempt was made to improve the collimation in the

. Goldschmidt camera by making a narrow set of collimating
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slits and some small improvement was observed but any
further improvement would have involved a redesign of
the furnace itself, which would have seriously affected
the temperature distribution and thus increased the
témpérature gradients across the specimen (section 3.4c).

The collimation problems will, of course, be
present whatever the radiation used, but it was found
that molybdenum radiation gave satisfactory low angle
lines at all temperatures, mainly because the absorption,
and hence the fluorescence, is less than for copper radi-
ation. The high angle lines were still indistinguishable
and although it was possible to obtain reasonable resolution
by exposing for much longer times ( =40 hours) and cutting
the development time by a factor of two, this would have
meant that fewer specimens would have been examined in
the time available and that the film was not being used
under the recommended optimum conditions. The problem
of high angle lines was, therefore, overcome by ignoring
it and using low angle lines for both order-disorder and
thermal expansion measurements (section 3.4f).

3.44 Knife Edge Calibration

The film on a 19 cm, camera is in two sections,
and, therefore, the Straumanis method of correcting for
"£ilm shrinkage and measuring the diffracted angles cannot
be used and the camera knife edges must be calibrated as
an internal reference. Bradley and Jay (1932) recommend
three ways of doing this:-

1. To use an optical goniometer.

2. To use calipers.

3. The method of mixturés, when a substance of a
known lattice parameter is mixed with material

under investigation.

‘ Method 2 and a modification of method 3 were used
in the present work. To use the method of mixtures at
high temperatures could lead to reactions between the two
substances, which is not desirable, although it can be



allowed for in terms of lattice expansion, but to intro-
duce this further unknown is uhnecessary. ‘As the film
holder remains essentially at constant temperature, one
calibration is adequate. A sample of the silicon powder
-used in the International Union of Crystallorgaphy preci-
sion lattice parameter project (Parrish 1960) was exposed
to copper radiation and, from the film obtained, the knife
edge positionsAand the camera radius were calculated using
a least squares method. If S6 is the line position on the
£ilm, g the Bragg angle, c the circumference of the camera

and S0 then

Se = 2c 0 + S0 (3.4)

360

The values qf Se and @ for each line were measured and
calculated from the Bragg equation respectively and
equation (3.4) fitted to the data, giving values of c¢
and Sé; This was done for.both sides of the camera and
from these values and the measured knife edge shadows on

the film the angular positions of the latter were calcula-

ted as:
Right: 9.67° and 169.92° Circumference = 59.645 cm.
Left: 9.‘720 ~and 169.990 Circumference = 59.694 cm.,

It can be seen that the values of the camera
circumferéncé appear tolbe-different for the two halves
of the camera. While this may be so, the difference is
more likely to arise from a difference in film shrinkage,
so that as long as the values of ¢ and S0 are used
together the results will be self-consistent. The calcula-
tion also assumes that the absorption of X-rays in the
silicon is negligible, and recalculation of the lattice
parameter using the knife-edge values shows this to be not

unreasonable.

5.43054 %
5.43045 +0.0001 R

Lattice parameter assumed

Lattice parameter recalculated

The lattice parameter was calculated using the computer
programme H.T.L.P. (see next section) and the least
squares fit using computer programme LSF (see Appendix 4b). -
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3.4e Temperature Calibration

The temperature of the furnace was measured
usiné a Pt : pt 13% Rh., thermocouple connected to compen-
sating leads with the cold junction at 0°C (in an ice and
water mixture). The thermocouple was situated at a position
immediately below the specimen and did not measure the exact
temperature of the épecimen. The temperature distribution
across the furnace gap was measured using the vertical
oscillation motor (before it was removed) such that in a
period of 36 seconds the thermocouple tracked across the
furnace gap and back (figure 3.4a). The resulting vari-
ation at various temperatures is shown in figures 34b and
c. As a considerable variation can be seen across the gap
it was essential to have a fixed thermocouple accurately
calibrated. This was a second reason for redesigning

the thermocouple feed' through.

With the new thermoéouple mount in place, a
series of measuremehts of the lattice parameters of tung-
sten powder,also used in the I.U.Cr. precision lattice
parameter project (Parrish, 1960),and nickel (Matthey
tSpecpure': 2 ppm.,Fe, 2 ppm. trace elements) at different
temperatures were calculated using the computer programme
H.T.L.P. (Appendix 4c). which uses the same method as
D.S.L.P. to calculate the values of the lattice vara-
meter from the Bragg angles, which are computed from
the measurements from the films exposed in the 19 cm,
camera. The thermal expahsion curves of tungsten and
nickel shown in figure 3.5a are plotted from published
data, a best line being drawn in the cases of disagree-
ment, The horizontal lines represent the measured
lattice parameters in the present work. The resultant
calibration curve for the experimental arrangement used
is given in figure 3.5b with the standard curve plotted
from data supplied by Johnson & Matthey Ltd. The
agreement is fair except at low temperatures where heat
transfer by radiation is low and temperature gradients

become greater,
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The accurate value of the thermocouple voltage
was measured with a Croydon Precision Instruments Type P4
. potentiometer and during exposures was monitored on a
Honeywell -strip-chart recorder which was calibrated against.
the potentiometer. In order to keep as constant a. tempe-
rature as possible, the input voltage to the furnace was
first taken to a 'Variac' transformer to step it up
slightly in case of a drop in the supply voltage, and
the output 6f this was taken to a Claude Lyons constant
voltage transformer giving a 240 * 5 v, output for an
input of 225 v. to 245 v. 1In spite of this there were
still variations in temperature which may have been due
to spikes in the supply voltage or to changes in the
resistance of the furnace arising from the recrystallisa-
tion in the windings which was observed, on cooling, to

have occurred.

Errors in the measured temperatﬁre thus arise
-from three factors:-
l. Errors in calibration. , _
2. Variations in temperature across the furnace
~  gap and hence across the sample.
3. Variations in temperatures,during the

' exposure.,

. .The maximum error in combining these is about

+ 25 c® but in most cases, particularly at higher

temperatures, the error is estimated to be of the order
o

of + 10 C

3.4fF Thermal Expansion Calculations

For the reagons discussed previously in section
" . 3.4c, it was not'possible to measure the line positions
in the back reflection'regiOn. - The change in lattice -
parameter with temperature was therefore calculated from
the éhénge in position of the low angle lines; 222, 320,
321 and 400, following Hume-Rothery and Lonsdale (1945).

TN
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This method assumes that the composition of the specimen
‘and its position in the X-ray Camera remain unchanged
for all exposures. In most cases this was the situation
and where there were deviations of position,averaging
over the four lines indicated the error involved. A
change in composition will be reflected in a change in
the room temperature lattice parameter on recooling and

can thus be allowed for, if necessary.

The change in lattice parameter a, for any

. [o}
one line is given by:
: 1 1
fi - ap - ag _ (VYN.A/2) x.. -
a a SlnGT Sineo
(o) (o)
(/R.A/2) x  *
. . (3.43)
Slneo :

where ag and ap are the lattice parameters ana 90 and
GT the Bragg angles at room temperature T° and temperature
T respectively and N = h? + k2 + 12 and A is the wave-

length. This expression can be reduced to:

dAa Sin8_ _ 4

'ao SineT

(3.5)

and the coefficient of thermal expansion o is given by

a = A4Aa 1

m— b

' - (3-6)
aO T To .

(74

As a, is known from the Debye-Scherrer measurement, an
estimate of a | '

T

aT =f1 f Aa

is given by:

——— (-4

o (3.7)

The standard deviatiens in g and in Aa/a° vere
calculated for the four lines. This number is not strictly
large enough for statistical analysis to be really meaningful
but the variation between the four lines gives an estimate
of the accuracy of the calculated values. Neither in this
calculation, carried out by the computer programme LATEXP

(Appendix 4d), nor in the direct calculation of lattice
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parameters at high temperatures Programme HTLP; is a
correction applied for errors in the knife edge measure-
' ment but errors in this are reflected in the variation
between the lines, Errors in the knife edge calibration
are within the limits of the experimental error, i.e.

+ 0.000lR (see section 3.44d) .

3.4qg Measurement of TIntensities

The X~-ray intensities were transferred from the
film to a chart trace using a Siemens Recording Photometer
Attachment Type Z, the output of which was fed to a
Honeywell Elektronik 194 Chart recorder. This chart
recorder incorporated an integrator and the resultant
output appeared as is illustrated in fiqure 3.6. The
trace along the ‘bottom of the chart represents the inte-

grated output, which is frequency modulated.

In almost all cases, because Mo radiation was
used, the peaks of interest overlapped and three vossible
methods of analysing the results were considered. The
first was to use the method of Du Mond and Kirkpatrick
(1931) for separatinq two overlapping peaks. If the
refleétions are assumed to possess the same profile, then
the profile of the combined curve, F(x), will consist
of the sum of the two constituent profiles. If one of
these profiles is f(x)) then the other will be kf(x - '§),
where k is the ratio of the heights and 6§ their linear

separation. Therefore:
F(x) = £(x) + kf(x - §) - (3.8)

Any profile may then be split into its component parts

as is shown in figure 3.7a. This method was not considered
‘ satisfactory as it was not easy to determine accurately the
width of the peaks and, therefore the points equivalent to
A ana'B.in figure 3.7a. A more sophisticated method was
then adopted in which the thermal diffuse scattering curve
was fitted to the measured background curve away from the
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Figure 3.7a.The Du Mond and Kirkpatrick
method of resolving two overlapping lines
_ in an X-ray powder pattern.
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Bragg peaks and the calculated intensity of the thermal
diffuse peaks subtracted from the measured intensity to
give the Bragg intensity. This method is described in
Appendix 3, but was found to be unsuitable in the present
case because the low peak to background ratio meant that
the relative size of the random variations in the back-
ground intensity masked the variations in thermal diffuse

intensity.

L

The third method, and that finally adopted, was
to use the peak height above a background. The assumption
made in this method is the same as that made in the Du
Mond-Kirkpatrick method, that the widths of the bases of
the peaks are the same and that because the profiles are
the same the ratio of the areas under the peaks, and hence
the ratio of the X-ray intensities is proportional.to the
ratio of the peak heights. The advantage of this method
is that the use of it does not require the separation of
the individual profiles. While the output of the photo-
meter is not linear over the complete range of X-ray
intensities (fiqure 3.7b), in the few cases where the
measured intensity is outside the linear range, the effect
on all the peaks except the smallest is similar. In the
case of the low intensity peaks the accuracy is also low

and any correction would be an order of magnitude smaller.

132

No correction was therefore made for this in the calculation

of intensity ratios (a correction was made, however, in

the more accurate curve fitting procedure - Appendix 3).

Lorenti-polarisation corrections were made to the intensity

ratios, but not absorption or temperature corrections. 1In

the case of the absorption correction, because the specimens

- were sealed under vacuum, it was not possible to determine
accurately the effective density of the powders. A
correction was made to the data assuming an effective
density but this reduced the internal consistency of the
resﬁlts deduced by the method of chapter five. It was,
therefore, concluded that a more reliable result would be
obtained by not making a correction. The temperature
correction was omitted because its effect is negligible

(~1%) over the narrow angular range involved. Furthermore,

the accufacy of ‘any such correction would be very low in
view of the uncertainty in the published values of the
Debye temperatures of the B-W materials.



3.5 X-Ray Measurements at

Low Temnerature

3.5a Introduction

. The occurence of a cubic to tetragonal phase
transformatibn and, in the case of transforming samples,
the transformation temperature were investigatedrusing
a prototype cryostat loaned by the Oxford Instrument
Company. Since this was the first such cryostat to be
used for X—ray'diffraction,'its cryogenic and crystallo-
graphic performance were evaluated before studying the

present B - W samples.

3.5b Principles of the
Continuous Flow Cryostat

Most cryostats used for X—ray diffraction
measurements at liquid helium temperatures have been
of the "pool" type where liquid helium is stored in an
insulated vessel surrounded by radiation shields. This
type of cryostat was developed in order to keep specimens
at low temperature for extended periods. As the helium
evaporates, it is possible to transfer more helium into
the cryostat, so that samples may be kept cold indefinitely.
'A schematic diagram of the "pool"™ type of cryostat is
shown in figure 3.8a. The cryostat used in the present
experiment, however, does not collect liquid helium
but is cooled by a stream of liquid helium passing
through the specimen holder. The flow of helium
and hence the rough temperature of the specimen, is
maintained by a rotarf vacuum pumpe. This principle was
first developed by Klipping (1961, 1964) in Germany and
is described in detail by Xlipping et al. (1965). It was
later applied by Davey (1970), at the Engineering Labora-
tories, at Oxford University, to the calibration of tempe-
ratufé'measuring devices, The Oxford Instrument Co. have
used the principle for Mossbauer spectroscopy and the
present version of the cryostat was adapted for X-ray powder
diffractometry. A schematic drawing of the instrument is
shown in figure 3.8b. No liquid nitrogen is reguired, the

133
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only radiation shield being cooled by the helium (liquid
or cool gas) after it has passed through the sample
holder. ' ‘

It can be seen from a comparison of figures
3.8a and 3.8b that the continuous flow type cryostat is
much simpler than the "pool" type. Furthermore, for
"experiments of the present type, where the existence or
lack of a transformation is being investigated and the
principal measurement is that of temperature, the use of
the continuous flow type cryostatleads to a considerable
saving in time and in cost of liquid helium. The design
also provides a greater degree of control over a wider

temperature range than does the "pool" type.

3.5¢c The Design of the
Continuous Flow Cryostat

A drawing of the cryostat used in the present
work is shown in figure 3.9. The main body (A) is a
vacuum tight stainless steel can with means of alignment
"on the diffractometer (section 3.5e) and a "mylar" window
(B) through which the X-rays pass. The central section
slides into the outer can through a double O-ring vacuum
seal (C). The main vacuum space is evacuated using a
rotary pump (Metrovac 6DRI) to a pressure between 10 and
40 Hg. The flow of helium through the specimen holder
is controlled by the needle valve (E) at the end of the
flexible transfer syphon (D). A second needle valve (F)
is provided in the pumping line for further control of the
flow and, hence, the temperature of the sample. For rapid
~ cool-down this valve can be by-passed by operating the %"
Speedivalve (G). By controlling the flow rate a low
temperature can be maintained for an indefinite period
to ¢ lo K. For fine control of temperature a heater is
. provided in the specimen block. By using the heater and-
needleanlves in conjunction a particular temperature
can be selected and then maintained to an accuracy

of ¢ lO‘K. This facility was not used.extensively
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for the present work, since the measurements did not
require long times at fixed temperatures. .An overall
picture of the cryostat, mounted on a Siemens Type F
diffractometer, is shown in Figure 3.10.

- The cryostat was also used with liquid nitrogen.
Under these conditions the main vacuum of the instrument
had to be pumped to 107°
cryopumping action of liquid nitrogen. The cooling time

mm. Hg, because of the reduced

to liquid nitrogen temperatures was much longer than to
liquid helium temperatures, principally because of the
narrow bore of the transfer syphon used. The results of
the measurements of cryogenic performance at both 1liguid
helium and liquid nitrogen temperature are given in Table
3.2 and the detailed use described in Appendix 2.

3.54- Temperature Measurement

The temperature of the specimen block in the
cryostat was measured using a resistance thermometer
CLTS - 2 (Weir Electronics Ltd), (D in Figure 3.13a},
which is linear from liguid helium temperature to room
temperature. It was calibrated at room temperature-(zooc),
liquid nitrogen temperature (77°K) and liquid helium
temperature (4,2°K). The liquid helium point was deter-
mined as the lowest temperature reached by pumping with
all the valves open so that the reading of resistance
was constant for half an hour. Under these conditions
liquid helium will collect in the specimen block. As
the specimen mount was made of high conductivity copper,
it was reasonable to assume that the block was in thermal
equilibrium at 4,2° K and that within the accuracy of the
measurement, the resistance of the thermometer corresponded
to liguid thelium temperature. The assumption appears -
justified by the linearity of the calibration curve
obtaiﬁed (Figure 3.,11). The resistance of the thermometer
was measured, using a two lead system, with a Wayne Kerr
Universal Bridge Type B 221. For very precise measurement






Table 3.2

Cryostat Performance
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Parameter Helium Nitrogen
: Operation Operation

Vacuum 4
Required 4op 1x107n
Time to gto 25°K) 10 min. (to 77°K) 30 min.
Cool to 4.2°K)20 min.
ConSﬁmption To coo 1 ltre. ,Negligible

- At 4.2°K 1 ltre/hr, (not measurable)
Temperature
Gon%rol 110K 1%
Temperature o o
Range 4.2 - 77°K 77 - 1407K

becomes less accurate.

In both cases the temperature can
be taken higher but the control
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of temperature it would have been posgible to use a four
lead network, but this was considered unnecessary in the

present case.

3.5¢ " Crystallography at

Low Temperatures

The cryostatwas mounted on a Siemens Type F
diffractometer (Figure 3.10), the focussing geometry
of which is shown in Figure 3.12a. The diffractometer
wés aligned in the normal way (Vassamillet & King, 1967)
by superimposing the 111 peaks of gold on either side
of the mainbeam., The crystal was then attached to the
diffractometer via a dovetail slide and a rotation
plate as shown in Figure 3.12b. The cryostat could then
be adjusted by the means of the screws A so that the plane
of the specimen lay tangential to the focussing circle,
and by'the means of screws B so that the Bragg angle 6

equalled zero when the specimen angle 26 equalled zero.

| This was achieved by use of a collimator slit
system described by King and Preece (1968), which can be
seen in the drawing showing the whole tail of the cryostat
given in Figure 3.13a and the photograph of the inside of
the cryostat and the transfer syphon in Figure 3.13b.
The specimen is first aligned approximately by dividing
the beam, so that half the incident intensity is received
at the counter tube and then maximising the signal by
rotating the cryostat so as to bring the specimen plane
parallél to the centre line of the incident beam. The
cryoétatvis then raised so that the slit system is in the
beam. (In the present cryostat only the centre section
was raised, but this was unsatisfactory because of the
strain required to overcome the force arising from the
vacuum, and in later models the whole cryoétat is to be
raised). The screws AA and BB are then adjusted to maxi-
mise the signal. The profile of the 11l reflection of

141
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B  Focus of the x-ray tube ¢ Aperture angle 4
Bl, Aperture slit M  Measuring circle of the :
Bi; Detector slit diffractometer

D Detector r Radius of the measuring circle

P Specimen F, Bragg-Brentano focusing circle

#  Glancing angle S . Towards the counting rack

wza Diffraction angle e [ )
Figure 3.12. the focussing geometry
of the Siemens Type F powder
diffractometer.
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 Figure -3.12b. The centring and theta/2-theta
adustments on the cryostat/diffractometer coupling.
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silver before and after alignment is shown in figure 3.14,
The accuracy of this method depends on the widthdof the
slits, in this case 0.0025 cm. and their distance apart 1,
here 2,5 cm. The collimation of the slit is then = 24d/1

= 0,024° which compares favourably with 0.0340, the angle
subtended by the X-ray source at the sample, which is the
limiting accuracy of the 26/6 setting of the diffractometer.
Further, with slits of width 0.0025 cm. this distance of
0.0025 cm. is the maximum distance possible between the
specimen and the goniometer axis. 'This alignment technique
can be used at any temperature, but in the present series

" of experiments, it was not possible to check the alignment
at low temperatures, except by dividing the beam, because
of the @ifficulty encountered in raising the slit systen,
and hence the specimen mount, against atmospheric pressure,
In practice, it was observed that on cooling the cryostat
the specimen would move away from the position tangential
to the focussing circle but did not twist. The diffrac-
tion profiles thus moved to lower angles but did not alter
their shape. It was therefore possiBle to use the equipment
to detect the presence of line broadening due to the phase
'transformations, but not to measure the thermal expansion
of tﬁe specimens., The radiation used for the low tempera-

ture measurements was copper Ka.

3.6 ~ Measurement of Superconducting

Critical Temperatures

3.6a Introduction

The critical temperatures of the'alloys were
measured using the change in A.C. susceptibiiity observed
on entering the superconducting state. It was originally
intended that the measurements should be made on the
. 0.5 mm. diameter powder specimens used for the high
temperature X-ray measurement and a probe was built
for this purpose. However, the volume of the sample

proved to be too small to generate a change in signal,on
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going through the superconducting transition, which was
detectable above the noise level. Filtering and ampli-
fication by factors of up to a thousand times did not
make the change sufficiently clear for measurements to
be made of the temperature. The critical temperatures
of the B-W materials were therefore measured on bulk

specimens.

3.6b The Experimental Arrangement

The measurements of the tdansition temperatures
. Tgs of the bulk samples; which varied from approximately

l x4x4mm, to 6 x 4 x 4 mm, in size, were made by
adapting a magnetisation probe constructed by Larbalestier
(1970). A drawing of this is shown in Figure 3.15 and
photographs given in figure 3.16. The probe consists of
-a balanced pair of coils and for magnetisation measure-
ments in either a superconducting or copper solenoid the
magnetisation curve is obtained by plotting the integrated
difference signal, which corresponds to the magnetisation
M, against the applied field H. For measurements of Tc '
-the cryostat tail was removed from the copper wound

6 K~gauss magnet and placed in a small copper solenoid, of
approximately 6 cm. internal diameter and 23 cm. length.
This was connected to a Muirhead K-205A oscillator to give a
low A.C, field at a frequency approximately equal to

1800 cps, (but not exaétly 1800 cps, so as to avoid -
harmonics of the supply frequency). The in-~balance .signal
from the detector coils wlll change significantly when a
‘sample located in one of them enters the superconducting
state due to the consequent eXpulsionAof the magnetic
flux., To detect this effect, the output signal from the
colls was taken to a Dymar A.F. Wave Analyser Type 771 A
tuned to the input frequency. (In practice, the coils
were used slightly out of balance so that the wave analyser
could be accurately tuned). This acted as an A.C. volt-
meter and the change in signal was observed on its meter
and also on an oscilloscope which showed a trace of the
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selected frequency.

The temperature of the sample was controlled by
a heater connected to a Minireg Type 40l1-1 stabilised
power supply and making use of its built-in sensing system.
The circuit is shown in Figure 3.l17a. The rate of
heating could thus be set as low as = 1°K/min and the
temperature could be held constant within the limits of
measurement as long as required, subject to the limitation
at higher temperatures (= 20°K), set by the evaporation of
the liquid helium, The temperature was measured using an
Au, 0,03 at.,% Fe / Chromel Thermocouple which was situated
in the specimen holder (Figure 3.17b). This was calibrated
using liquid helium temperature and the 'I'c's of known
materials (Table 3.3). The calibration curve fitted by
a least squares method (see section 3.6c) is shown in
- Figure 3.18 , The temperature was recorded on a
Honeywell Elektronik 194 Chart recorder and the trans-
formation was marked on the chart manually when a change
in signal was detected on. the meter of the wave analyser.

The specimen holder (Figuré 3.17b), which can be
seen in the photograph in Fiqure 3.16b, was a split copper
cylinder on the end of a long thin-walled stainless steel
‘tube and the sample was surrounded by silicon grease to
keep it in place and to give good thermal conductiv;ty.
The sample could be changed without returning the entire
prqbe to room temperature, To prevent icing up during
this operation, the cold gas from the main helium dewar
was taken back into the double-walled can of the probe
.providing a slight over-pressure and thus preventing the.
inflow of air when the sample holder was removed. A
-photograph of the complete experimental afrangemént is

shown in Figure 3.19.
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Calibration Points of
The Thermocouple.

Table 3.3

Liquid He.
Tc of Pb.
Tc of Nb,
Tc of V-Si.
Tc of V-5i.

7.20°K

9.30°K
17.0%
16.9%

4.22%

0-757
0-729O
0-6247
0-624‘.7

mV
mV
mV
mV
mV

The values of T for the two V-Si specimens _
were taken from Pollock(1966) and Finlayson(1968).
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3.6C Calculation of Critical Temperatures

from Measured Data

The critical temperature of each sample was
measured several times both on cooling and heating.
The actual critical temperature waéAthen calculated
using the computer programme AI5TC (see Appendix 2e).
This programme first calculated a calibration curve
for the thermocouple by fitting a straight line to the
calibration points. Then for each sample a mean
- value of the thermo-electric e.m.f. was calculated.
For samples for which the transition had finite breadth
the beginning and end of the transition were treated as
separate points as it was not possible to distinguish
random error in measurement from the breadth of the
transition. The temperature of the transition was then
‘measured from the thermocouple calibration curve and the
standard deviation of this calculated, including
both the experimental error, the breadth of the transition
and the error in the thermocouple'calibration.
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Chépter Four

Experimental Results

"Observe his various bumps,
His head as I uncover it:
His morals lie in lumps

All round about and over it".

- W. So Gilbert
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1.1 Room Temperature Lattice Parameter Meésurements

"The sources of alloys used in this investigation,
their method of preparation and their heat treatments are
summarised in Table 4.1. The room temperature lattice
parémeter of every alloy was measured by the method
deecribed in section 3.1, unless otherwise specified in
Table 4.1,and these lattice parameter values which were
used to characterise the chemical composition of the
alloys are included in Table 4.1 together with the com-
position deduced from published data. Figures 4.la, 4.1b,
4.1c and 4.1d show the composition-lattice parameter
relationship taken from figures 2.7, 2.9, 2.1l and 2.14,

together with the measured lattice parameters as horizontal
lines. Where nominal compositions are known these are also
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shown on the figures and it is clear that nominal compositions

can be very misleading in describing the composition of the

~ B-W phase, due to weight loss in melting and the formation
of second phase s. On certain of the X~ray films, lines

arising from other phases were visible and the metallography

was performed to investigate these more fully.

The composition deduced for the Nb=-Sn(l) spécimen,
prepared by diffusion, may not be correct since it lies
outside the range of composition expected from the phase
diagram (figure 2.6). The non~equilibrjum state of this
alloy was confirmed by heating a sample for 72 hours at
1000° C, which caused the room temperature lattice para-
meter to be reduced to 5.2912 8 (Nb-Sn2), placing its
composition well within the accepted limits for the B=-W
phase. The lattice expansion in the original specimen
may be caused by the absorption of hydrogen from the
hydrochloric acid used in removing the excess free tin
in the diffusion couple, or by the presence of excess tin
in the B-W phase itself due to the high pressure at which
the diffusion process takes place.

"~ To check the possibility of hydrogen absorption,
some of the powder (after heat treatment) was treated in

a concentrated solution of hydrochloric acid at temperatures



?able 4.1.

Alloys used in the present investigation.

Sample | Source | Preparation Heat R.T. Lattice | Deduced
Treatment Parameter Comp.
: atd, Si
V-8i.1| Monash | Arc cast 1 wk/1200°C | 4.7241 25
2| I.c. R.F. Induct. None 4.7242 25
3| I.C, Arc cast 1 wk/1450°% | &4.7246 25
4| L.C. R.F,Induct. | 100hr/1000°C, 4.7245 25
5| Pulmer | Diffusion ? None (?) 4.7246 25
6 I.C. Arc cast None 4.7246 25
2l 1.0, R.F.Induct. | 100hr/1000°C| &.7247 25
8 | Metals | Floating Zone None 4.7248 ¢ 25
Research (Single Xtal)
9| I.c., | Arc cast 1 wk/1350°% | 4.7295 22
10 | I.C. Arc cast 1 wk/1000°C | 4.7327 20
11 | Monash | Arc cast 1 wk/1350°C | 4.7%33 20
12| 1.C. Arc cast 1 wk/13%50°C | 4.7%52 19
¢ lattice paramefter measured | by Dr.J.T.A.Pollock.
atsd Ga
V-Ga,l | Fulmer ? None (?) | 4.8172 26
-2 | Harwell | Arc cast 1 wk/300°C
L2 mths/600°C| 4.8166 25
3 | Harwell | Arc cast 1 wk/1200°C | 4.8183 26
"4 | Harwell | Arc cast 1 wk/1100% |4.8192 27
5 | Harwell | Arc cast 1 wk/300°G
' - ;1 wk/1250°C | 4.8200 28
6 Harwell | Arc cast None A4..8203 28
7 | Harwell | Arc cast 1 day/140Q°C| 4.8191 27
r1 wk/1000°C
8 | Harwell | Arc cast 1 wk/1075°C |4.818% . 26
9 | Harwell | Arc cast 1 wk/1000°C |4.8187 26
v at? Al
Nb-All | I.C. Arc cast 1 hr/800°¢ |s5.1862 22
2 | 1.0, Arc cast |1 wk/1000°C |5.1871 21
3 | I.C. Arc cast 1 wk/1000°C | 5.1893% 20
4 | 1I1.C, Arc cast 1 hr/800°% |5.1914 18
5 | I.C. Arc cast 1 wk/1000°C | 5.1942 16

Table continued overleaf
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Table 4,1. conkinued.
ats; S
Nb-Snl Harwell Diffusion None 5.2950 29
2 | Harwell | Diffusion |72 hr/1000°C|5.2912 26
3 | Berkely | Sintering |2 hr/900°C |5.2827 o 20
4 | Berkely | Sintering |2 hr/900°C 5.2961 o 29
5 | Berkely | Sintering |2 hr/900°C |5.2858 ¢ 23
6 | Berkely | Sintering |2 hr/900°C |5.2865 o 23
7 | Berkely | Sintering |2 hr/900°C |5.2874 ¢ ou
8 | Berkely | Sintering |2 hr/900°C |5.2911 o 26
9 | Berkely | Sintering |2 hr/900°C |5.2910 g 26
10 | Berkely | Sintering |2 hr/900°C |5.2883 o 25
11 | Berkely | Sintering |2 hr/900°C |5.2868 o 2n
12 | Berkely | Sintering |2 hr/900°C |5.2909 o 26

o Lattice parameters measured by Dr.H.W.King at Berkeley.

Table 4.2,

Treatment of Nb-Sn with Hydrochloric Acid

Tempesature Time Lattice Parameter
‘ C , min. . After Treatment &
- 0 5:2912
23 150 5.2906
60 90 5.2906
85 80 unmeasurable
90 90 unmeasurable
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and for times given in Table 4.2. After treatment at

'85° ¢ and 90° C so much line broadening was observed on
the Debye=-Scherrer films that it was impossible to measure
the high angle line positions. This implies that hydrogen
has been absorbed and the lattice strained. Moreover, a
comparison of the low angle lines on the films Hl and H4
indicated that the lattice had expanded considerably,
indeed to a higher lattice parameter than that measured
for the original material. It is interesting to note,
however, that after the acid treatment at 60° C, which
approximated to the conditions originally used to dissolve
away the free tin (0ld 1969), only a small increase in
lattice parameter and very little strain were observed,

as compared to the large increase in lattice praameter .
with little strain in»the original material.

- 4.2 Photomicrography

All the samples, except those from Berkely,
were examined metallographically and a representative
selection of micrographs are shown in figures 4.23 and 4.1b
.Novmicrographs_are shown of Nb-Sn as the Harwell samples
were either powder or single crystals. A single crystal
was examined and found to contain no second phase.

~ The V-Si microstructures reflect the methods
of preparation and heat treatment. The arc-cast samples
e.g. V-Si (10) show a dendritic structure even after
treatment at 1000° C, while all those annealed at 1350° ¢
e.g. V-Si (3), v-Si (1) and V-Si (11) show uniaxed grain
structures which are similar in spite of the differences _
in deduced composition between the three samples. 1In V-Si(ll),
the V-rich end of the B-W phase, the second phase observed
~.is the a-V solid solution, while in V-Si (1) at the Si-rich
-end of the B=W phase the second phase_is VeSig (Finlayson
1968) ., From their deduced compositions it is probable
that_in V-Si (10); the second phase observed is the a-V
solid solution and V-Si (2) and V-Si (3), the phase V55i3,

- which has a tetragonal NisP type c¢f structure (Bruning 1967).
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.The induction melted samples e.g. V=-Si (2) show a
microstructure similar to that of the arc-cast samples
annealed at 1350° C, in Spité of not being annealed at
high temperature, and V-5i (5) (nominally 30 at % Si)
has @ microstructure similar to this in which the second
phase is probably VSSi3.

The V-Ga alloys were all arc-cast except V-Ga (1),
the method of preparation of which is unknown but may also
have been arc-cast. This sample was difficult to polish
in that it tehded to fragment, possibly due to impurities
at the grain boundaries, A dendritic structure was observed
in V-Ga (7) and V-Ga (9), in spite of the difference in
heat treatments., V-Ga (7) was held for a-day at 1400° C
before being treated for a week at 1000° C while V-Ga (9)
received only the 1000° C treatment. In V-Ga (2) and V-Ga(5),
the dendrites were also présent but appeared in cross-section,
- which probably accounts for the crack observed on V-Ga(5).
These two samples were originally'parts of the same casting
and the second heat treatments have caused the composition
and microstructural differences observed. V-Ga (2) annealed
~ at the low temperature for a long time shows larger areas
of the second éhase and has a lower lattice parameter than
V-Ga (5) which was annealgd at 1250° C for one week. At
this temperature the stable phase may be the "Cs-Cl" type
found by Savitskii et al. (1966). If this is so the change
in lattice parameter and, presumably, composition may be
explained., All the other heat treatments do not take the
alloys within the stable area of the "Cs~-Cl" phase (1400° ¢
is above the high-temperature limit of the phase), though
some of the second phase observed may arise from the -
freezing in of this phase in the original water quench to
which the samples were subjected after being cast.

Of the Nb-Al samples, in Nb-Al (1) the second phase
appears in large connected areas, probably the cross-sections
of dendrites. This is the only sample which is in the B-W
phase range at the pefitectic temperature and will have
formed directly from the liquid, while in Nb-Al (3) the
finer dispersion of the second phase indicates that the

ey
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B-W phase formed at a lower temperature for the a-Nb
solid solution. For Nb=-Al (4) and (5), however, both
«in the micrographs (not shown) and in the X-ray photo-
graphs, no second phase is visible. As they have an
apparent lower Al contact than Nb-Al (3), and will have
thus formed at lower temperatures, the reasons for this
are not immediately obvious.

4,3 X-Ray Meagurements at

High Temperatures

Thermal expansion and X-ray intensities were
measured on a series of V-Si ailoys across the composition
range of the B-W phase and on two alloys from each of the
gofsystems'V~Ga,Nb-A1.and Nb-Sn. 1In the V-Ga and Nb-Al
hSystems the two samples were chosen in difference parts
. of the B-W composition range and in the Nb-Sn system the
measurements were made principally to ihvestigate the drop
in lattice parameter after heat treatment in the diffusion
prepared samples. ) '

4.3a Thermal Expansion Measurements

~ The change in lattice parameter for each alloy
at each temperature was computed using the method des-
“cribed in section 3.4f and. computer programme LATEXP,., The
lines measured were 222, 320, 321 and 400. The results
“are: given in Table 4.3 and plotted in figures 4.3 to 4.12,
on which the lines joining the experimental points indicate
only the order in which the temperatures were reached, and
the error bars indicate the difference between the results
from the films on the two sides of the camera. There is
‘one defect in the method of calculation of the lattice
expansion, in that changes are measuredvrelative to the
initial room temperature film. If there is an error in
the measurement of this f£ilm, then it will be reflected
in all the subsegquent lattice expansion results. An
example of this may be for the sample Nb-Sn (2) where
an anomalous drop in lattice parameter is observed on j
returning to room temperature. As the intensity ratio



Table 4,3, 168

Thermal Expansion Data,

'Nbfsn 1 | |
7 % 20 483 631 801 890 972 880
a % 5.2950 5.3173 5-3222 5.3553 5.3435 53533 5.3601

' 587

5. 3498
Nb-Sn 2
r °¢ 20 500 730 932 1069 680 20
a & 5.2012 5.2045 5.2072 5.3222 5.3236 5.3141 5.2723
V-Si 2 ' A :
r 9% 20 550 = 620 810 925 1031 1245
a® 4.7242 4.9227 4.9618 47659 4.7693% 4.7907 4.7884
816 20 |

| 427609 47279
V-8i 3 . |
7 % 20 554 801 1052 811 520 20

a® 4.7245 4.7491 4.7570 4.7961 4.7998 4.7442 4.7502

V-Si 4 .
To% 20 441 660 822 932
‘a & 4.7285 4.7472 H.7539 4.7643 4.7614

V-Si O | o
T % 20 395 715 919 - 1078 739
a,8 4.7295 4.7614 14.7667 4.7804 4.7957 4.7641

" ¥-8i 10

r % 20 510 701 894 1024 1112 806
e 4.7327 4.7540 4.7492 4.7702 4.7888 4.7690 4.8059
V-Si 11 |

% 20 593 817 1036 1260

a R 4.7333 4.7601 4.7665 4.7787 47994

V-si 12

T 9% 20 181 632 794 946 1059

a 8 4.7352 4.7262 4.7670 4.7714 4.7761 4.7989

" Tgble continued overleaf.



V-Ga 1

1 % 20
.a ) a.8172

V-Ga 6

r % 20
a8 4.8203

Nb-Al 2
% 20
a 5.1871
Nb-Al 5

20

0
r %
af® s.19u2

Table 4.%3. continued.

594 786 976 1107
4.8425 4.8529 4.8767 4.8182

482 640 798 941
4.8410 4.83%365 4.8505 4.8544

367 | 740 | 922 1072
5.1928 5.2100 5.2145 5.2388

258 726 891 1023
5.2068 5.2124 5.2182 5.2217

169

980
4.7996

832 638
4.8511 4.8441

627 20
5-2395 5-2325
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‘'seems to be the same before and after heating,an error
in the first measurement.appears to be the reason for

this anomalous result. The error bar on these results,

) however, indicate that the two films give similar
results, making an error less likely,

The changes in slope of the thermal expansion
curves may arise from errors in measurement as described
above but an alternative cause is a change in composition

.. of the B-W phase. Such a change will also be reflected

in the intensity measurements as will be discussed in

the next section, Extreme examples of this are in V-Ga (1)
and Nb-Al (2), particularly the latter where a complete
phase transformation takes place. Of the V-Si samples
those with high room temperature lattice parameters

appear to exhibit this effect more than those with low

" lattice parameters, probably as the Si content of the

B-W phase increases.

"~ 443b .‘ X-Ray Intensity Measurements

o The X-ray intensities were measured from the

"' same films as the thermal expansion data and the lines
measured were also the same, namely the 222, 320, 321 and.

400 reflections. The data taken from the densitometer

charts are presented in Table 4.4. The values listed are

- peaks above a trapezoidal background. As the positioning

.of this background line was not exact the error (= 2)jsg
proportionally greatest in the lowest intensities. The
values are plotted in figures 4.13 to 4.24, not as
measured but as ratios Ihkl/I400 This normalises the

_ 'intensities. The 400 intensity was chosen as the divisor

‘as this is a fundamental line for a stoichiometric alloy.
For a non-stoichiometric alloy or one containing vacancies
this is not strictly true but the intensity of this line
is always comparable with that of the other lines for all
the systeﬁs studied. So as not to make the plots too |
complex -no error bars are shown but an average difference
‘between the two films is shown. The lines joining the
spots indicate the order in which the temperatures were



Table 4,4,
X-Ray Intensity Data
Sample Temp. - - Intensity
No. 80p - Right Rilm Left Film
o 222 320 321 400 222 320 221 400
V-8i 2 20 | 46.4 2.8 75.7 42.0| 44.6 69.6 YL.5 42.2
550 | 39.6 62.8 66.0 33.1| 35.5 64.6 67.3 33.4
620 | 22.6 60-7 56.0 30.5|37.5 76.5 76.0 39.0
810 - | 40.1 68.7 68.2 38.1| 38.1 63.6 62.5 32.0
925 |44.3 ©92.8 68.3 36.0]| 41.9 68.7 62.3 32.0
1031 | 42.2 69.6 66.1 31.2| 47.0 71.8 714 34.5
1245 |49.7 0.3 57.1 33.8| 48.5 £9.8 54.7 27.2
816 |49.3 63%.8 49.4 31.0| 44.0 62.0 49.5 26.5
20 472.7 65.5 52.6 32.0| 44.1 58.1 46.3 29.0
V-8i 3 20 %29.9 9Y1.6 81.-3 38.1| 39.5 69.5 977.5 39.2
554 |45.9 72.9 9Y6.1 39.9| 45.4 4.9 78.6 38.0
801 42.6 67.7 P0+7 36.6} 416 65.6 70.5 33.1
1052 20.7 36.8 40.3 19.5| 49.0 Y7.7 4.6 36.6
811 32.2 56.0 51.2 23%.0]| 35.5 60:0 55.5 26.0
520 28.5 50.6 53%.6 29.0] 32.0 45-4 43%.0 27.0
V-Si 4 20 Z27.2 60.0 62:2 33.0]| 40.8 65.2 67.9 36.2
441 | 34.4 58.6 59.9 27.3| 38.8 65.8 66+9 37.7
660 33.5 60.1 65.0 30:7| 35.0 55.2 606 28.4
872 z27.7 58.9 63.6 34.0]| 35.6 600 59.6 28.6
932 |37.8 62.9 65.7 36.0| 43.7 67.7 69.6 37-6
,V-Si 9le- 20 22.5 41.6 48.2 38.6|25.5 45.1 53.1 41.8
€ 395 |23.6 42.8 47.8 34.7|20.7 39.8 A45.4 35.7¢
g 715 |(20.6 36.0 43.6 34.0]22.9 40.1 46.3 35.8
e 919 19.8 37.9 40.7 26.6| 20.4 38.0 40.3%3 28.C
€1078 20.0 35.2 27.8 26.0} 21.8 31.3 22.5 21.8}.
e 739 25.2 40.0 33.4 28.0|20.7 3%6.3 31.7 22.0
V-Sil0O e 20 2%.0 45.7 ‘54.1 37.7124.8 47.2 57.3 40.3
- g 510 18.1 33.0 39.6 29.0]| 26.1 42.0 51l.2 40.2
g 01 |21.0 35.5 40.9 323.3%|25.5 40.9 47.0 37.0
‘le 894 |20.7 35.4 40.5 31.5]22.5 3%6.8 40.9 320.5
€l024 22.2 33.8 35.3 28.6| 25.3 37.8 42.8 32.1
- |e1112 Zh ol U45.]1 47.6 37.7 | 33.2 46.9 U45.6 34.2
£ 806 21.6 45.2 41.9 30.6]| 36.2 52.0 47.9 32.0
V-5ill 20 Z3.0 . 57.6- 69.6 36.1| 31.9 61.6 70.6 37:7
S 593 [27.1 507 S54.8 26.6| 32.3 61.0 666 36.1
8l7 |39.9 57.7 65.2 29.6| 31l.4 54.8 58.9 29.0
1036 - |28.7 50.2 54.0 28.9|28.6 50.6 54.2 29.2
11260 - |31.7 42.2 30.2 20.51{ 41l.6 46.3 35.2 21.0
V-8ilZ2 20 22.6 47.6 58.5 27.4119.0 39.0 48.8 21.5
L 481 21.5 45.0 51.1 262 | 24.0 46.5 .61l.2 33.5
632 |35.6 58.9 69.9 328.5|31.3 52.7 O64.1 34.0
7204 . 13%.8 52.5 60-1 32€e5 ) 36.7 56.2 62-5 36.9
€ 46 |41.3 65.2 68-2 38.4 |40.0 63%.0 67.5 38.0
€1059 |31.5 51.5 57.3 25.6|27-5 55.0 63.-0 28.8

€ denotes the presence of lines due to second phase.

~ MPagble continued overleaf.




Table 4;4. continued.

Nb-Snl 20 13.2 48.6 93.4 36.8 | 14.1 46.7 91.9 35.1
483 10.0 34.6 69.2 26.3|11.6 40.3 78.5 29.1]1
631 19.0 54.7 78.1 45.5]18.1 50.9 71.5 41.0
801 |25.5 B52.7 92.8 47.%2|23.3 61.0 90.7 45.5
890 | 16.1 48.0 84.8 39.1|17.1 49.7 81.9 38.9
972 | 16.0 .52.8 78.9 33.7 | 16.8 48.9 78.6 32.1
880 | 17-4 47.4 66.7 22.4117.0 47.2 69.9 26.0
-587 | 20.3 52.83 82.7 34.2121.6 51.9 78.2 29.1
Nb-Sn2 20 | 6.0 16.2 29.9 12.3| 8.4 18.1 37.8 15.5
500 |14.0 25.6 38.8 18.1} 14.1 21.8 36.9 16.9
730 111.9 32.0 58.5 24.1|13.7 39.3 60.8 22.5
932 9.0 22.2 34.0 12.4 | 6.7 19.4 31.5 14.7
1069 | 22.3 43.0 68.4 28.6| 23.6 42.6 66.0 23.5
680 |27-3 49.2 77.8 32.3|25.5 45.7 73.1 33.8
20 | 24.7 .50.0 74.7 36.8| 26-8 56.5 90.3 40.2
V-Ga 1 20 6.5 26.3 71.1 23%.1}| 6.0. 23.9 58.3 16.3
. 594 5.0 22.%3 59.5 18.0| 6.5 21.0 59.3%3 17.0
786 5.0 23.5 57.6 20.9| 5.0 22.1 62.6 21.3
. le 976 | 20.7 21.5 501 19.0|17.6 23.8 44.9 14.0
11107 | 20-0 20-4 34.0 16.8|28.0 22.0 35.6 16.5
le 980 (| 24.5 30.0 46.5 27.3|24.3 28.-6 47.3 26.5
| V=Ga 6 20 10.8 30.4 64.8 28.9 7-0 26.8 £59.0 28.6
482 8.0 23.5 58.5 27.7}|11l.6 27.6 56.3 26.
640 5.0 27.5 60.1 29.5}! 6.0 22.1 56.7 25.0
798 | 12.8 32.6 70.7 29.81 9.0 35.4 67.3 31.9
o941 7.0 29.5 65.8 29.5 5.0 16.5 34.6 13.8
832 0 14.9 39.0 16.6 0 16.4 37.4 16.5
. 638 0 10.1 22.8 13%.2| 7.0 25.8 49.3 22.2
367 | 28.1 35.3 32.5 23.1{28.5 37.2 36.1 23.0
740 |[18.0 21.3 21.5 14.8 | 75.9 92.3 87.7 59.8
922 70.7 85.9 80.0 45.6|61.9 74.6 76.0 50.3
1072 | 29.4 40.2 39.6 23.8 | 26.6 41.0 36.7 21.3
Nb-AlS5 20 | 38.1 42.4 - 41.8 32.7 {48.6 59.1 58.6 37.2
. | 538 |57-9 69.8 70.0 45.4 1 41.7 50.8 51l.1 32.9
726 | 54.5 60.4 59.4 45.9:55.7 65.6 68.3 39.7
e 891 | 33.8 60-4 65.9 49.8 ) 38.3 51.6 55.9 34.8
1023 24.5 29.1 35.2 34.1 | 22.2 27.5 35.5 30.4
e 627 No longer p-W structure
e 20 . . No longer p-W structure
. L ' | I

€ denotes the presence of

lines due to second phase.
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Figure 4.24.Intensity ratios of Nb-Al(2) and
:Nb-41(5) as a functionof temperature.
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'reached and have no-other significance.

- It is relatiuely easy to distinguish between

~true changes in order and random errors in ‘intensity

measurement.’ Firstly, if both films give a similar

".change  in intensity ratio, then it is likely to be -
genuine and secondly, as will be discussed in Chapter 5,

a change in order will cause a change of-opposite sign

321/1400 ratio to that in the other two ratios,

so that errors in the: 1400
Similarly changes in intensity ratios due to composition

measurement will be detectable.

‘V7changes are distinguishable from-changes due to ordering
.or disordering at a fixed composition. The former, as

noted earlier, are, moreover, associated with changes

in the thermal expansion curve. Tbe changes in intensity
of lines arising from second phasevalso assist the inter-
pretation'ofvthe intensity data. The presence of such

- phases is indicated in Table 4. 4. The interpretation
.of the high temperature data will be discussed more fully
- in the next chapter, but a further point to be noted is

that many of the capillaries fractured on cooling and

FTe was, then, not possible to measure the lattice para-
fmeters after the heating cycle.

4.4 X-Ray Measurements at Low Temperatures

'~ The cubic to tetragonal structural transformation
in the B-W materials was investigated by considering the

- splitting of the powder lines on cooling. The interplanar

spacing in an orthorhombic lattice is given by. the
equation-» :
. . R2 2 12 ' ST
-]; - = -12 + -]S + -]-' . e (4.1)
a a2 : bz cz :

~

‘whereja;'b.and c are the lattice constants.},In a cubic

.crystal a = b = ¢ and.the reflections h k 1, k 1 h and
lh X are superimposed in a powder pattern. . However, if
there is a transformation to a tetragonal form a = b # ¢

..and the three lines will not now be superimposed. If,
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- however, the reflections h h 1, hlhanmd 1l h h are'
. .’considered, two of the three, h 1 h and 1 h h will be
~ superimposed and the cubic peak will split ‘into two

elements, with an intensity ratio of two to one. 1In

. the present work this was the effect which was sought.

The samples which were cooled are given in
Table .4.5 with martensite start énd finish tenineratures,.Ms
and M, if a transformation occurred. As no hysteresis
was observed.in the transforming samples within the error
of measurement (¢ 1° K), M and Mg can be identified with

'Af and A s’ the"austenite’ finish and start temperatures,

The M temperature was determined as the temperature at
which clear splitting into two peaks could be seen., It
was at‘this temperature that the axiai’ratio was measured
and this is also shown in Table 4.5, The axial ratio was
determined, from the splitting of the line and is a meesure

 of the spontaneous strain in the lattice. Its value was

calculated from the equation

A8
tané

c .
- = 1 + )
i (4.2)

’ nhere'Ad_is the splitting and 6 the Bragg angle of the
 cubic line, and its sign from the direction of the splitting.

For the Nb-Sn samples a plot of M & Me. against room

" temperature lattice parameter (and deduced composition)

is shown in figure 4.25., The dashed lines in this graph
are the A  and A, temperatures taken from King (1968).

A plot of the axial ratio’at the transformation against
room temperature lattice parameter is given in figure 4.26

. and a typical chart record of a line splitting in figure

' 4.27. A possible transformation was observed in V-Ga (2)
‘and the chart record is shown in figure 4.28, This

- broadening may be the result of _misalignment, but the
‘possibility of a: transformation in this sample will be

discussed in the last chapter.

-

. transformatiOn was observed in the Nb-Al

Lsystem as expected from the literature. Further, no



Transformation Temperatures.

Table 4,5,

Sample M_°K mf°K c/a 8 3
Nb-Sn 3 None 5.2827
" Nb-Sn 4 | None 5.2961
NM~Sn 9 | 54 46 '0.9967 | 5-2910
Nb-Sn 5. None o ' | 5.2858
Nb-Sn 6 18 10 | 1.0049 | 5.2865
Nb-Sn 7 | 45 34 1.0049 | 5.2874
Nb-Sn 2 | 41 36 0.9963 | 5.2911
Nb-Sn 12 | 60 56 | '0-9963 | 5.2909
Nb-Sn 10 | 53 50 1.0041 | 5.2883
Nb-Sn 11 | 23 16 1.0041 | 5.2868
V-Ga 2 15 -~ |(?)1.0005 | 4.8166

The following samples were also cooled and no evidence

of a transformation was found:-

-

V-5i (1-12) ,Nb-A1(1,2,4,5) and V-Ga(l,3,4,5,8,9)
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transformation was observed in any of the present powdered
samples of V-Si, which was surprising in view of the
observations of a transformation, both in powders and
single crystals reported in the literature. Line
broadening in V-Si powders has been reported by Batterman
and Barrett (1964, 1965) and by King et al. (1967), but
in the former case the line broadening was not clear enough
for quantitative measurements and single crystal work was
undertaken. The sample'used_by the second authors was
recooled as V-Si (8a) and a further sample (taken from
the single crystal used by Pollock (1966) for optical
microscopy at low temperatures) was cooled as V-Si (8b).
In neither case was a transformation observed as can be
seen in figure 4.29, where the peak at 4.2° K for v-Si (8b)
is shown., The implication of this measurement 1is that
the broadening observed by King et al, (1967) was due to
misalignment. The absence of a transformation in the
V-Si samples will be discussed in chapter six,. That a
low enough temperature_hed not been reached by the speci-
-men is improbable, however, as the linearity of the thermo-
~meter calibration curve indicated that the specimen block
' "as a whole was at the temperature recorded., Further, the
'_results.for Nb-Sn agree with those of King (1968) (measured
on the same alloys but with a different experimental '
arrangement) , indicating that a temperature gradient across
the specimen mount is unlikely to be of the order of 12° K,
‘which would be the gradient necessary for the Specimen
‘surface to be at a temperature above the critical temperature
- of che sample. when the thermometer indicated a temperature
of 4.2° K. "This appears even more uniikely when it is noted
that no hysteresis was observed. Moreover, McKinnon (1970)
has indicated that, as a result of the geometry of the
'ﬂspecimen holder and the path taken by the liquid helium,
in general the Specimen is _likely to be colder than the
thermometer rather than the reverse.
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4.5 Superconducting Transition Temperatures

The superconducting efansition temperatures of
the samples were measured using the method described 1in
section 3.6. The values measured are given in Table 4.6
with the room temperature lattice parameters and these
are plotted in figure 4.30 and 4.31. The lines in the
figures represent the relationship between the critical
temperature and the lattice parameter taken from figures
2.23 and 2.24. The value for the single crystal v-Si (8)
1s taken from Pollock (1966). Because a thermocouple
was used to measure the temperature, the errors are
larger than usually'found in transition temperature
measurements when a more accurate thermometer, e.g. a Ge
thermometer, 1s used., However, as expléined in section
3.6c, the error bars not only represent the error in
measurement but also indicate the breadth of the transi-
tions. ' Except in the case of Nb-Sn (11) these breadths
seem to be of a similar size (¢ 0.5° K) for all compositions.
In the Nb-Sn system, the samples were not all the same
‘as those used for the low temperature X-ray measurements
. and the breadth of the transition does not appear to be
- related to the lattice parameter but implies a lack of
homogeneity in some of. the sintered samples, (None of
the samples used for the low temperature diffractometry
'~ showed broad X-ray peaks which would indicate this lack
of homogeneity). Nb-Al (1) and Nb-Al (2) both showed
~ second transitions due to the second phase present.

_ The initial intention was to measure the T, 's

of the high temperature X-ray camera samples both before
"and after the series of measurements in that camera.
'As this was not possible because of the small specimen
size and the fracture of specimens in the camera, the bulk
| samples on which the transition- -temperatures were measured,
corresponding to ‘those samples investigated in the high
temperature camera, were subjected to a heat treatment
summarised in table 4.7a. The values of T before and
after the treatment are given in table 4.7b., Of the
:V-Si samples all those with high Tc's before heat treatment

e



Table 4.6.

Supercbnducting Critical Temperatures,

Sample No. TC,OK “6Tc K° 8pm R

- Nb-Sn 1 18.18 0-48 52950
. Nb-Sn_ 5 15.38 ~0.43 5.2856
Nb-Sn 6 13.65 043 5.2865
Nb-Sn 7 ©11.90 1.25 5.2875
Nb-Sn 11 14.79 2.50 5.2868
Nb-Sn 12 17.19 046 . 5.2909
Nb-Al 1 5.65 | 0.20 . 5.1862
Nb-Al 2 16.03 0.48 5.1871
Nb-Al 3 15.25 . 0.71 5.1893
Nb-Al 4 16.82 0.47 5.1914
Nb-Al 5 11.49 0-84 5.1942
v-Ssi 1 16.89 0.55 4.7241
V-Si 2 16.91 © 0.53 4. 7242
V-Si 3 17.56 . 046 4.7245
V-Si 4 16.72 © 0.51 4.7245
V-Si 5 17.49 047 47246
V-5i 6 16.89 ~0-45 4.77246
V-Si 7, 17.25 - 0+46 4. 7247
V-si 8 16.90 . : 0.20 4.7248

. V-Si 9 12.80 1.02 4.7295
‘V-5i 10 . 11.32 1.25 4.7%27
V-si 11 9.76 0+ 34 447333
V-Si 12 10-65 . 0.68 . 47352
V-Ga 1 14.89 0.43 4.8172
V-Ga: 2 15.00 0:66 4.8166
V-Ga 3 7.54 042 4.818%
V-Ga &4 763 0.31 4.8192
V-Ga 5 13.91 . 0.42 ~ 4.8200
| V-Ga & 10.59 0.85 4.8202
© V-Ga 7 7.32 031 4.8191
V-Ga 8 - 8.91 0-34 4.8183

- V-Ga 9 Ceuy 0.41 4.8187
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Table 4.,%7a

Summary of Heat Treatment,

“Temperature Time
% - hours
402 24
620 24
810 24
910 24
800 24
520 24

Table 4,7b.

Superconducting Critical
Temperatures
before and after Heat Treatment

sample No. | Inigial T, Final T,
| o o

‘Nb-Sn 1 - 18.18 16.83
Nb-Al 2 16.03 17.77
Nb-Al 5 11.49 11.36
V-Si- 2 16.91 - 16434
] v-si 3 17.56 16.55
: V-Si &4 16.72 . 16.59
V-Si 9 12.80 14.03
.V-8i 10 11.32 14.28
vV-Si 11 9.76 12.25
V-Si 12 1065 13.77
V-Ga 1 14.89 14.68
V-Ga 6 10.59 ©12.55
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showed a drop in T, after the treatment and those low
Tc's before the treatment showed a rise in T, after it.
A similar effect was observed in the V-Ga and Nb-Al
systems, though only two samples were investigated in
each system. The implication of these results is that
there is a ‘change in composition. The Nb-Sn (1) sample
showed a drop in T, also, but this sample was a single
crystal of the material with the high lattice parameter
‘and, therefore, not a typical case., It was not possible
to measure the transition temperature of Nb=-Sn (2) because
it was only available in powder form. The correlation of
the transition temperatures with composition and the
variations with heat treatment will be discussed in

chapter six.
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Chapter Five

Ordering in Non-Stoichiometric Compounds

"We must speak next in order
concerning the quality of each class
individually, and show from.what
composition of numbers each was formed”.

- Plato (The Timaeus)



5.1 Interchange and Vacancy Disorder

H

_ The interpretation of order-disorder in the
B-W compounds and in any non-stoichiometric compound, is
‘complicated because the disorder can be either of an
interchange or a vacancy type, or a mixture of the two.
Interchange disorder refers to the structure in which
atoms of one‘type are situated on sites normally occupied
by the other type of atom. At the stoichiometric compo-
sition, this corresponds to the classic situation analysed
by Bragg ‘and Williams (1934) and even when the composition
deviates from stoichiometry all sites are assumed to be
"occupied. This is the situation analysed by Bradley

and Jay (1932) for Feal and Van Reuth and Waterstraat
(1968) have applied the method to the A,l15 compounds

with some slight differences in the mathematics (section
2.4). Vacancy disorder, as the name implies, refers to

a situation in which either'type of site becomes vacant
on disordering, particularly in non-stoichiometric alloys.
This situation usually arises as a result of large
differences in atomic size, so that it is impossible for
an atom to be on a "wrong" site without grossly distorting
the surrounding lattice. For this reason vacancies tend
only to be on one type of site. Bachner and Gatos (1966)
have calculated the X-ray intensities from vacancy dis-
tributions on the A sites in an A3B-BéW type lattice
(section 2.4).

5.2 The Ordering Model

A Since it is possible that interchange and

' vacancy disorder exist together in the same compound and,
- as density measurements are meaningless because of the
1presence of second phase, it has been found necessary

to develop the Bachner-Gatos (vacancy) model further to

. take égéount of interchange disorder. This model is

general to-any binary compound with two types of lattice
site ahg does not apply to the B-W compounds alone.
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The following quantities are, therefore, defined:

XA fraction of total sites that are A atom gsites
YB fraction of total sites that are B atom sites
XA and XB = fractions of A and B atoms
fA

and fé = atomic scattering factors of A and B atoms
(corrected for anomalous dispersion)

and wp = fractions of A and B sites occupied by A atoms

rg and w, = fractions of B and A sites occupied by B atoms

A
T and TB

annd fB in the structure factor equation.

The expression for the structure factor for the line hkl
in a fully ordered alloy is: '

F = fA TA + fB Ty | . (5.1)

For a disordered alloy this can be written:
F = (rl fA + Wy fB) Ty + (rB fB + Wy fA)TB
(5.2)

If this is now multiplied by Y, + Yy = 1 and the multi-
plying factors of :A and Tg considered separately, then
the factor associated with T, becomes:

rA fA xA + r, fA YB + WA #B yé + Wa fB gi

Adding and'subtractihg the terms (wB.fA + ry fB)YB
leads to an expression: o

(rA - wg) £, Yp + (;A Y, +_WB YB) fA + (wh - rg) £ Yo +

L + (rg Yg + Wy £,) fg

By definition, the following identities hold:

YA Iy, + Yo wyp = XA v Yg rp + Y, Wy = Xp

 and if the order parameters Sp and'sB are defined as:~

SA=rA-w S. =71 -_'WA

Y8 ¢ °B B

- then thg multiplying factor for TA éan be written as:

213
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-SA fA YB + XA fA - SB fB YB + fB XB

Similarly, adding and subtracting the term
(CA £, *+ W £5) ¥, to the multiplying factor for T, and
collecting terms leads to the expression: '

XA fA --SA fA YA + SB fB YA + X fﬁ

To apply this analysis to the B=W structu;e, Yo+ Y o
T, and Ty must be given the correct values for the
structure, which are:
' Y, =% , Yy=k
Ty = 2{cost(k+1). cos(ml/2) + cosm(l+h) cos(rh/2)
+ cost(h+k) cos(nk/2)

1 + cosm(h+k+1)

Tg

The expression for the structure factor of the hkl line
of the B-W structure then becomes: '

Fo= (X, £, + £, X)(T, + T)) + %(5, £ = Sp ) (T, = 3Ty)
' | " (5.3)

‘This expression can be shown to be equivalent
’tovﬁhe vacancy model of Bachner and Gatos (1966), if
the condition for vacancies on A sites as the only form
of disorder,.sB = 433 » is introduced. Equation 5.3 then
reduces to equation 2. 3. To show the equivalence of
this model with that of Van Reuth and Waterstraat in the

~ case of pure interchange disorder, it is necessary to define

those authors' order parameters, denoted here by S', and
S'B ¢+ 1n terms of the parametes defined above. These become:

S'A =% ~ XA- = rA.- ¥B = SA (5.4a)
1 =X, 4(1-X,) 4(1-X,)
et o Yp =Xy o 3(rp - w,) '= 38
S S'p BB B__ A = (5.4b)
; A 1 - xg 401-Xg)  4(1-Xp)

o ItAcan'bg seen that for a stoichiometric alloy with no

vacancies the Bragg-Williams order parameter S is equal
“to Sa ,'SB ’ S'A and S'B , while for a non-stoichiometric

e,
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.alloy, still without vacancies, S'A and S'B can be related

to a single order parameter S' because XA + Xp = l. 1If,

~_however, there are vacancies present S'A and S'y cannot be

‘'simply related as mow X, + X + X, = 1, where Xy is the

proportion of vacancies, and SA ? SB ’ XA and Xp must be
treated as separate quantities.
53 Determination of Order Parameters and

Composition from X-Ray Intensity Data

To obtain the values of Xa o XB ? S and S
from equation 5.3, in the general case a minimum of
five diffraction lines are necessary, since only
relative intensities are measured., This number can be
reduced to four if the intensity arising from thermal
diffuse scattering is known to sufficieat accuracy for
it to be used as a scaling factor'(see Appendix 3).
Alternatively, if the composition of the alloy is known,
the ratio XA/XB can be determined and the minimum number
of lines to be measured reduced to three, providing the
correct lines are chosen for reasons which will be
explained~in section 5.4.

To explore the applicability of the last

approach, the theoretical intensities of the 222, 320

321 and 400 diffraction lines of the four A.l5 structures
studied were calculated from'equation 5.3, corrected

for multiplicities and scaled to the:intensity of the

400 line. This was done using computer programme ORDER
(Appendix 4f). The atomic scattering factors were taken
from Mirkin (1964) and the Inﬁernational Tables for X-ray
'Crystallography (1962) and the anomalous/dispersion correc-
. tions from Warren (1969). The mean sin6/A was taken for
‘the four lines for each system, the errors in the atomic
‘ scattering factors involved in this approximation being
'._lesg'than those involved in using scattering factors
derived by different methods. The values used were
. calculated from Fermi-Thomas method, but a: comparison
.was carried out for V-Si and V-Ga with the scattering

* factors derived from Hartree-¥ock self-consistent field
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theory and the variation in the intensity ratios was
of the order of 2-3%,

These theoretical inﬁensity ratios, 1222/1400 ;
;320/1400 ’ 1321/I400 for the A.1l5 phase of V-Si are
plotted in figure 5.1 against composition for various
degrees of disorder. This gives a chart for each reflection
oh which the solid lines (one for each reflection) refer
to pure vacancy disorder i.e. all A atoms are on A sites
and B atoms on B sites, but not all sites are occupied.
If the following'térms are defined the other lines on
. the charts can be explained:
AA = percentage of A atoms on A sites
AB = percentage of A atoms on B sites
BA = percentage of B atoms on A sites
BB = percentage of B atoms on B sites,

_ The lines in the charts can now be characterised
by a pair of indices(AB, BA). The pure vacancy disorder
line is defined as (AB, BA) = (0, 0) and the dotted lines
parallel to it represent (AB, O) or(BA, O) depending upon
which side of the (0, O0) line they lie. General values
of (AB, BA) can be derived by drawing lines parallel to
the (0, 0O) line such that the spacing measured from (0, O)
line is given by the difference between the (AB, 0) spacing
and the (0, BA) spacing. The point X, for example, in
figure 5.1 is a distance 3,0 from the (0, 0) line, the
(AB, 0) spacing is 7.5 and the (0, BA) spacing 6.0. If
(n n, ) are the indices of the line through X then

n‘ o 745 = n 6.0 = 3 0

. To find the values of_'n_l and n a table similar to table
5.1 can be constructed, .only the near diagonal terms

° being necessary as the distance from the nearest (AB, 0)

6r (0, BA) 1line can be measured. The nearest value to the

intercept can be chosen and the indices read off. 1In the

" present example (n. n, ) can (2, 2) or (6, 7) or possible

higher values.

, Once these values have been determined with a
"know;edge of the composition, all the other parameters
~ can be determined from the computed tables used to plot
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. Table for use in determining (AB,BA)

Table 5.1.

O\WOO~J0OWU £&WNH

1 3 4 5 6 7 8 9
1.5
4.5 3.0
3.0 4.5
~1.5| 6.0
~7+5 0| 7:5
6.0 1.5
45 50
2.0 4.5
1.5 6.0
0 |7-5
2

4
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the charts. An example of these ié given in Table 5.2.

5.4 ' The Fitting of Experimental Data to the Charts

In the previous section the method of determining -
the degree of order once the position of the point X in
figure 5.1 1s known has been described. 1In theory it
should be possible to plot the point X from the relative
intensity Ihkl/I4OO for a specified composition, but in
practice both the composition and the intensities may
not be known to sufficient accuracy and, hence, the three
measured intensity ratios are plotted on a strip of graph
paper which is then moved horizontally and possibly
vertically until the degree of order is the same for all
three Bragg reflections. The degree of order is then
calculated as explained in the previous section. The
composition may also be read off the chart and compared
with the given value, in the present case inferred from
room temperature lattice parameter plots. It is possible
to carry out the fitting procedure with only two intensity
ratios, particularly if they reSpohd in opposite senses
to changes of order, as do the ratios 13211/400 and
1320/1400 for the B8-W structure, but thg third ratio is
necessary if the composition is to be found.

5.5 "Applications and Limitations of the Method

The degeneracy referred to at the end of section
‘543 is inherent in equation 5.3 and its occurrence will
depend on the atomic séattering factors of the constituent
“atoms., This limits the application of the model, therefore
~ as it is not always possible to distinguish between the
i éypes of order, particularly in a stoichiometric alloy. It
| is, however, possible to distinguish between interchange
~ disorder and vacancy disorder in a non-stoichiometric alloy,
for in an A-rich non-stoichiometric alloy either the excess
A atoms will go to B sites or vacancies will be created
~on B sites. One mechaniem will probably be preferred
‘becéq§e of the relative sizes and valencies of the consti-
- tuent atoms. If vacancies are created on B sites the
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"intensity ratio will be on the (0, O) line. If the

| excess A atoms go to B sites then the intensity ratio

will have a value different from the (0, O) line. 1In
both cases it would be unlikely for thermodynamic reasons
that B atoms would enter A sites, in an A-rich alloy,
particulérly in a material which retains its order to

high temperatures as the B-W compounds appear to do,

for the intensity ratios do not alter significantly with
temperature. It can therefore be assumed that if A atoms
enter B sites, or vice-versa in a B-rich alloy, then inter-
change disorder predominates,and if vacancies are produced
then vacancy disorder is the predominating mode.

Three distinct types of behaviour can now be
distinguished: -

1.  Vacancy disorder on one side of stoichiometry

only with interchange disorder on the other side.

2, Vacancy disorder on both sides of stoichiometry.

3.  Interchange disorder on both sides of stoichiometry.

For type 1 behaviour one type of atom (A) cannot
enter the opposite type of site (B), but B atoms can enter
site A, or vice versa. At Stoichidmetry, therefore, perfect
h order is to be expected. On the opposite side of stoichio-
metry the excess B atoms will enter A sites creating inter-
change disorder.  For type 2 behaviour nedither typefhtom’
can enter the opposite type of site and again perfect order
or an equal number of vacancies on each type of site, an
indistinguishable situation, is expected at the stoichiometric
composition. Only for the third type of behaviour is dis-
order probable at stoichiometry, In theory the intensity
‘ratio could 1lie on the (0O, O) line for all compositions,

. so that this behaviour could not be distinguished from

type 2 behaviour. It seems likely, however, that because

both types of atom can be on both types of site, the dis-

.-order and, therefore, the intensity ratio will vary with
‘éomposition. If such behaviour occurred in B-W compounds

the implied equivalence of the two types of atom, would

. suggest that a classical order-disorder transformation

—
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should take place. As the B~W compounds appear to be
ordered at high temperatures, no change in intensities
being observable on heating, such behaviour in these

- alloys seems improbable.

.It can be concluded, therefore, that although
the method described in this chapter has its limitations
in deriving quantitative results, particularly for stoichi-
ometric alloys, it can be an important aid to the study
of the variations in ordering in non-stoichiometric alloys.
From such variations an indication of the behaviour of
-the stoichiometric élloys can be deduced.

5.6 order in the B-W Alloys

It is now possible to interpret the intensity
measurements on the f-W alloys in terms of the arguments
in the preceding sections. As the changes in intensity
with temperature were always associated with lattice
parameter changes, these were attributed to changes in
composition, as will be discussed in chapter six. Only
the order in the alloys at room temperature was therefore

calculated.

While 1t was not always possible to obtain
perfect agreement between the results from the three
intensity ratios of one alloy for the site occupation
parameters, reasonable results were obtained by using the
320/400 and 321/400 ratios. The small multiplicities of
both the 222 and 400 lines meant that for these two lines
harmonic effects, the errors in recording the intensity
-and the errors in intensity measurement were proportionally
greater than for the 320 and 321 lines and the different
V :esult from the 222/400 ratio was not, therefore, unexpected,
It was, however, usually in gqualitative agreement with
the other two i.e. it indicated the same mode of disorder,
if not the same degree of disorder. Because of this scatter
in the results, no interpolation between the (0, BA) and
(AB, 0)  lines was carried out, the values of the nearest
_-of these lines being sufficient to characterise the dis-



Table 5.3.

Site Occupation in B-W Compounds.
Sémple'No. Composition AB BA
Nb-Sn 1 29 at 4 Sn 0 9
- Nb-Sn 2 26 gt ¢ Sn 0 4
V-si 2 | 25 at ¢ Si ) 3
V-si 3 25 at ¢ Si 0 0
V-si 4 25 at ¢ Si ) 2
| v-si 9 22 at ¢ Si 2 0
| vesi1o 20 at ¢ Si 2 )
V-sSi 11 -20 at ¢ Si 4 0
V-sSi 12 19 at % Si 5 0
V-Ga 1 26 at ¢ Ga 0 2
V-Ga 6 28 at ¢ Ga 0 5
Nb-Al 2 | 21 at ¢ AL~ 3 0
Nb-Al 5 16 at % Al 5 0

qu definitions of AB and BA- ,see section 5.3..
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~order mode in the non-stoichiometric alléys.

The results are given in table 5.3, and the
predominant mode of disorder in the non-stoichiometric
alloys is interchange i.e. the atams of the type in excsss
enter the other atom sites. This is true particularly of
Nb=-Sn (1) and accounts for its anomalously high lattice
parameter, At the stoichiometric composition of V-Si
there is evidence that a certain amount of interchange
disorder is present, in agreement with van Reuth and
" Waterstraat (1966) but the exact amount is difficult to
aetermine for the reasons given above. The implications
' of the behaviour will be discussed in chapter six, but
the present results indicate that the predominant dis-
6rdering mode in a non-stoichiometric alloy can be
determined using the method described in this chapter.
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Chapter Six

Discussion of Results

- . "If the world were good
for nothing else, it is a fine
subject for speculation”.

- William Hazlitt
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6.1 Introduction

Up to this point in the thesis, the work has
been considered in terms of the different measurements
hade.on the materials studied., In this discussion
chapter, the four systems Nb-Sn, V-Si, V-Ga and Nb-Al
will be discussed with reference to both previous work
and the results reported in chapters four and five. A
final section will be devoted to a comparison of the
exﬁerimental results with the current theories.

6.2 The Niobium-Tin System

6.2a The Structure at de Temperatures

The existence of a structural transformation
in the Nb-Sn system at a temperaturé a little higher
than the superconducting transition tmmperature has
been reported in the literature and confirmed by the
present results. That the transformation temperature
gm'is a function of composition is also evident from
these results, in agreement with King (1968), who made
measurements, during heating only, on some of these alloys
However, from measurements made on other alloys and the
results of Vieland (1970) and Vieland and Wicklund (1971),
together with the replotted composition/lattice parameter
relationship given in figure 2.7, it appears that the
Sn-rich boundary of the phase lies at about 26 at % Sn
(a = 5.2911 &) i.e. at a highef Sn concentration than
that proposed by King (1968). From figure 2.6 it can be
seen that this concentration is in fact the equilibrium
. Sn-rich boundary of the parent B-W phase. The low Sn
- concentration boundary of the martensitic phase, however,
~occurs at 5.2866 £ which corresponds to a composition of
approximately 23 at $ Sn, which does not coincide with
the low Sn boundary of the B-W phase, which occurs at
approximately 18 at % Sn, and hence only alloys which
contain more than 23 at ‘% Sn in the B-W phase transform
martensitically on cooling,

.



No hysteresis was observed in the transformation
at any composition, in agreement with Vieland et al. (1971)
(who only measured a stoichiometric alloy), and hence, as
noted in chapter four, the Ms'and Af temperatures can be
identified as can the M and A, temperatures. The dotted
M_ line proposed by King (1968) on the basis of the single
point of Mailfert et al. (1967) is, therefore, in error.

For all compositions the transformation took
place over a fixed range of temperature, regardless of
- the cooling or heating rate. The low temperature tetra-
.gonal structure is thus an equilibrium structure, This,
however, does not contravene the phase rule, which is
usually interpreted as giving a single transformation in
a one component (or constant composition) system. This

interpretation arises because in normal diffusion controlled

transformations, any effects of pressure or stress can be
relieved continuously and the phase rule is written .
P+F= C+1 (Pis the number of phases, C the number
of components and F the resulting number of degrees of
freedom). In a martensitic transformation, however, the
pressure created by the volume difference (even though
they may be small) and the stresses caused by the main-
tenance of a coherent interface cannot be relieved and
hence the full phase rule must be written in its original
form P+ F=C + 2, which allows related temperature and
pressure-variations for a transformation at a fixed com-
position. o o
There are several possible reasons for the trans-
formation taking place over a range of temperatures,
.Firstly, there may be_differences in composition among
the grains making up the powder, a likely explanation as
. in a single crystal Mailfert et al. (1967) found a single
transformation temperature. Secondly, even within the
crystallites there may be composition gradients, as found

by Batterman and Barrett (1965) in a single crystal of V-Si

only some sections of which transformed. Thirdly, there
is the variation in crystallite size, for in general M_
-1s known to be a function of particle size (Reed and
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Breedis 1966) .

The order of the transformation has been the
subject of much discussion in the literature but the
paper by Vieland et al. (1971) shows that the transition
in a stoichiometric material is of the first order because
of the spontaneous strain observed (figure 2.22a). The
‘results reported in this thesis corfirm this and show that
it is the case for all compositions. The spontaneous
strain wes deduced from the axial ratio which was measured
- from the diffraction line splitting at Mf(AS), and it
"decreases with increasing tin content up to the stoichio-
metric value, beyond which the axial ratio becomes
inverted, indicating that the direction, but not the
value, of the tetragonal strain is reversed, Although,
at first sight, this may appear anomalous, it is not
unreasonable since the strain involved in introducing
excess Nb atoms into large Sn sites is quite different
from the situation beyond stoichiometry where the large
Sn atoms must be fitted into the much smaller Nb atom
sites, as can be seen from the anomalously high lattice
parameter of Nb-Sn (1), the diffusion prepared sample
which has Sn atoms on Nb sites. Since the reversal in
c/a is abrupt it is possible that alloys such as Nb-Sn(9)
may have areas of both tetragonalities, positive and
hegatiﬁe,-as can be seen from the chart record of the
400 diffraction peak at 27° K in figure 6.1. A. similar
"-result for Nb3(Snx,Sb‘,*) was found by Vieland (1970)
and the reasons for this will be similar, although the
presence of a third atom type complicates the situation.

The original argument that the phase was of the
second ordef was based on the apparenf absence of a volume
' change. fThe measurements of King et al. (1967) indicate
that a small volume change does occur, but even if this
were not the case, the absence of a volume change would

not invalidate the statement that the phase change is of
the first order, for a change in free energy arises

from the stress-strain term due to the shape change. The
"lack of a latent heat has also been explained, by Vieland
et al. (1971). As the transformation occurs over a range
of temperature, some regions of the material will be
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Figure 6.1, The 400 line of Nb-Sn(9)
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unstable with respect to a tetragonal distortion at a
slightly higher temperature than others,for reasons
discussed above,and at M, (A ) a slight broadening of
certain X-ray peaks will be produced, as is observed.
The bulk of the crystal will not soften until the
temperature denoted as Mg (A ) is reached. Between

M and Mg the first material to transform will, however,
not be able to relieve completely the stress by achieving
the full tetragonal strain as it will be clamped by the
untransformed material. This is why slight broadening
in the X-ray peaks and a blurring of the specific '
"heat discontinuity is observed.

The effects of the surrounding material on
crystallites which are unstable to a tetragonal strain
are even more important in v-Si and will, therefore, be
discussed further in section 6.3a and, with reference
to the theory, in section 6. 6a. '

6.2b  The Superconducting Properties

The critical temperatures measured for the
Nb-Sn alloys (figure 4.30)show a certain amount of scatter
about the line taken from other data but the general trend
is similar, an increase in T, towards the'stoichiometricv
composition.. The high value at this composition can be
attributed to the electron to atom ratio coming at a peak
_ in the Matthias plot (Figure 1J0a) but although the fall
' :isldue partly to the change in this ratio with composition,
the strain in the lattice due to the departure from stoichi-
ometry may be a more important parameter, Testardi (1971)
"has calculated the dependence of T on strain for the
- V-based systems but similar data are not available for
'Nb Sn, though it is expected that a similar result would
be obtained. o '

No magnetisation measurements were made during
the present work but it is interesting to consider published

' work of. Potapov (1967, 1969),whose results have been

replottéd in figure 6. 2. The resemblance between these
" curves and the low temperature phaséﬁ&s striking. Potapov
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: Figure 6.2. The reménént-flux (Potapov 1969)
and' the A, temperature(from figure 4.25) as
a function of lattice parameter. )



attributes the flux pinning to the factor S, the area of
the grain noundaries in the specimen, which changes with
composition. Normally, however, heat treatment will alter
the grain size of a material and thus at one composition’
a variation in S could be obtained. That the microstruc-
ture of V-Si is sensitive to heat treatment can be seen:
from the m;crographs in figure 4.2. and similar behaviour
would again be expected for Nb-Sn. If the flux pinning is
a function of grain boundary area, then it can be assumed
that heat treatment will move the curve of the variation
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~in S parallel to the ordinate axis. The size of crystallites

in an alloy is then a function of composition reaching a
peak near the stoichiometric value. )

An alternaéive flux pinning mechanism is the
presence of dislocationsarising from the structural
transformation. Maximum flux pinning (as indicated by
'Br) occurs at the -same composition as the highest value
of the transformation temperature and the density of dis-

. location tangles afising from the stresses involved in
the transformation of grains which are randomly oriented,
particularly in a polycrystalline material, are also
likely to be at a maximum at this composition, for the
stresses appear to be related to-a degree of cooling
bélow the transformation temperature, increasing as the
témperafure is lowered. Such a model will be discussed
further in terms of the V=-Si system where _ flux pinning
-and latEice softening occur but no transformation.

6.2¢c The Effects of Heat Treatment

' The effects of heat treatment on Nb-Sn alloys
have been observed in several different ways. The
_fange of observations have, however, been limited to an
almost stoichiometric alloy obtained after heat treatment
of a diffusion prepared sample. The thermal expansion
and ordering results have been shown in figure 4.3, 4.13
and 4.14, Nb-Sn (1) is the as-cast material and Nb-Sn (2)
- .the material after heat treatment. The effect of heating
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.the as-cast material in the high temperature camera was
to reduce its lattice parameter and heating the already
heat-treated material produced no apparent change in
lattice parameter (Figure 4.3 is in error for the reasons
given in section 4.3 as is shown by a direct comparison
of the room temperature films before and after heating).
No change in order is apparent for this sample either,
all the variations in the intensity plot in figure 4.14
being within experimental error. -

The change in lattice parameter of Nb=Sn (1)

'~ _appears to have taken place between 800 and 900° ¢ as
would be expected from the annealing treatment. The
evidence all indicates that this lowering of the lattice
parameter was due to the evolution of Sn and not of

' hydrogen. Firstly Mailfert et al. (1967) observed a 2%
welght loss on heating and King (1971) observed the
deposition of Sn on a cold surface in the pumping line.
Secondly the treatment of Nb=-Sn with acid (section 4 1)
produced_ndt only a changé in lattice praameter but also
a large strain, which was not observed in the freshly
prepared diffusion élloys. Thirdly, the ordering
measurements iﬁdicate that there are Sn atoms on Nb
sites and at.600o C (nearly twice the melting point of
Sn) a change in the intensity ratios is observed corres-
ponding to a c¢hange in composition towards stoichiometry.

. It is therefore concluded that the.high lattice
“parameter in the diffusion prepared sample is due to the
presence of Sn atoms on Nb sites. As the alloy composition.
lies outside the normal limits of the phase it is likely
. that this 1s due to the effects of the high pressure of
formation. As no chaﬁges were observed in the degree of
order of the stoichiometric alloy it can also be concluded
fhat'the dhanges in order are due solely to changes in
composition in the direction. either of stoichiometry or
of greater homogeneity, rather than to a change in the
deéree.of long range order. One problem which is still
outstaqding, however, is the high values of Tc for the
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diffusion prepared sample for the presence of Sn atoms on
Nb sites should cause degradation of the superconducting

properties,
6.3 The Vanadium Silicon Structure
6.3a The Structure at Low Temperatures

From a study of the literature (section 2.5)

it is clear that a cubic to tetragonal structural trans-
' formation takes place in single crystals of the Vv-Si
 B=W phase. That this only occurs over a very narrow
composition range also appears from a closer study.
Batterman and Barrett (1965) report that only same of
the crystals taken from the same bar underwent a change
- to the low ;empefature tetragonal structure and Testardi
et al. (1971) describe the details of crystallisation
“(section 2.8) such that a sample which has a higher
transformation temperature (Tm) has -a lower supercon-
ducting critical temperature (Tc). Testardi attributes
this to the strain due to the structural transformation
but ‘it appears more likely that the drop in T, is due
to’a change in compositionywhich is also a strain effect
aé Testardi, himself, indicates-.as the amount of second
phége increases with the drog in T_,. From these observa-
tions it seems probable that the tetragonal phase of V-Si
is very narrow and does not include the stoiéhiometric
‘value. ‘ '

The only firm evidence of a transformation in
a powdered sample in the literature is that of King et
al. (1967) and the present work shows that this result
. must be considered as doubtfdl. Batterman and Barrett
(19%5) observed broadening in powder lines but it was
not clear enough for quantitative measurements to be
- made.. The absence of a transformation in the samples
studied in the present work is attributable of any of
the four ~causes assuming that the sample was at the
temperature measured, which, for the reasons explained
'in chapter four, is almost certain, Firstly the grain
'size of the powders may be too small for nucleation.
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An approximate calculation from the micrographs, however,
shows that the average grain size was 10-60 um. and as the
particle size was <100 um, many of the particles contained
more than one grain, and as can be seen from the X-ray
peaks of Vv-Si (8), (figure 4.29) no broadening due to
particlé'size effécts could be observed. In view of

this, it is concluded that such a mechanism is not
responsible for the absence of a transformatiqn.

Secondly, the range of composition of the low .
temperature tetragonal form of V-Si is very narrow as
.seems clear from the evidence described above as well as
from the lattice softening measurements of Finlayson
(1968), (figure 2,20).A simple explanation for the
absence of a transformation in the samples studied in
the present work is that no sample falling within the
tetragonal structure composition range was-prepared._ As
many samples around the stoichiometric value were studied
this does not seem very likely. A third possible explana-
tion, that impurities present in the 8-W phase possibly
due to the easy oxidation of vanadium, suppress the trans-
formation also seems unlikély as such impurities would
be expected to reduce the superconducting T,» an effect

which was not observed.

A fourth explanation seems the most likely.
The samples, as can be seen from the micrographs in
figure 4.2 , were not single phase and probably, as in
the Nb-Sn samples, a certain range of composition existed
amongst the grains of the B-W phase. From a study of the
transformation in Nb-Sn it appears probable that the
-tetragonality of some crystallites is at least partially
Suppressed by the pressure of the untransformed crystallites,
~and in V-Si the strain involved is smaller by a factor
' Qf 2.5, (Mailfert et al. 1967), so that the pressure of
untransformed material,both B-W and second phase)could‘
be sufficient to completely suppressthe transformation,
Indeed, Kunzler et al., (1966) have shown that pressure
will suppress the specific heat anomaly, due to the trans-
-formation in a_singlé crystal of V=-Si. Therefore, unless



a powder sample is very homogeneous and of the correct
composition, it will not transform to a tetragonal form
at low temperatures. This arises from a combination

of two factors, the small tetragonal strain in V-Si and
the narrow composition range of the tetragonal phase;
The cause of the harrowness of the martensitic phase
may be due to the bulk strain arising from the deviation
from stoichiometry, and this will .be discussed more
fully in section 6.6. The presence of such a strain is,
however, implied by the lattice parameter variation
across. the phase and the associated variation in the
‘atomic site occupation, V atoms being situated on Si
sites in the low Si content alloys.

6.3b . The Superconducting Properties

The critical temperatures of the V-Si alloys
studied in the present work show a distribution with
composition in agreement with that derived from the
published data. As with Nb-Sn the T decreases as
the alloy becomes less stoichiometric, Testardi (1971)
has derived a dependence of To on the hydro;tatic strain
in V-alloys produced by increasing non-stoichiometry
and his results together with experimental points for
binary and pseudo-binary alloys are shown in figure 6.3
It appears from this result that this strain factor has
a more markedveffect on T, than does the variation in
the electron to atom ratio which is only varying
slowly across the B-W phase range. ‘What the mechanism
of this effect is will be considered in section 6,6,

Consideration of the results of Finlayson (1968)
in figures 2.20and 2.25showsa relationship between the
lattice softening and the flux pinning composition depen-
dences for V-Si, very similar to the relationship between
the structural transformation temperature and the flux
'pinning for Nb-Sn, although the peak is sharver. The

peak in lattice softening implies a similar phase diagram
for V-5i to that found for Nb-Sn, but although a phase
'transformation'has not heen observed in these polycrystal-
line materials (Finlayson's sample showing maximum lattice
softening is V-Si (1)), the stressesarising from the
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suppression of a transformation will, nonetheless, increase

with the degree of supercooling below The If the narrow-
ness of the phase predicted in the previous section is
correct, then the flux pinning cur&e will take the form
found by Finlayson (1968), except for the somewhat less
steep decline towards the lower Si contents. As the
lattice softening and flux pinning curves have the same
form here the stresses will still be present but the trahs-
"formation temperature will be below the superconducting
T, and no transformation will take place as the different
density of states at the Fermi surface below T, will
'stabilise the cubic phase,as discussed by Labbe (1968).
It was not possible to determine with any'accuracy the
area of the grain boundaries in Finlayson's alloys but
there appears to be a decrease in the amount of second
phase  as stoichiometry is approached. This makes it
apﬁear'unlikely that second phase is responsible for

- the flux pinning, as suggested by Finlayson (1968).

6.3c The Effects of Heat Treatment

A more detailed study of the effects of heat
treatment was made on the V-Si system than on the Nb-Sn
system and the results of the high temperature X-ray
measurements were shown in figures 4.4 to 4.10 and
4,15 to 4.21. The thermal expansion curves are approxi-
mately linear except for anomalous points at certain
temperatures and, if the intensity ratios are considered
at these temperatures an anomaly is also found, indicating
a change in composition. The change in lattice parameter
due to a change in ordering would be of the same magnitude

-as the experimental error and it can therefore be concluded
th?t, in general, heat treatment has the effect of changing
the lattice parameter and hence the composition. Considera-
tion of the micrographs confirms this, for heat treamment
at different temperatures produces different grain struc-
tures due to the interaction of the B-W phase with the
second phase present. Such an interaction will almost
~certainly produce a change in composition of the B-W
phase, This result confirms those for Nb=-Sn of Majer (1969)




and Vieland (1964). Further evidence comes from the
superconducting Tc's before and after heat treatment.
higth's tend to be reduced and low Tc's enhanced
implying that the composition of the B-~W phase has
tended to move towards the centre of its range and the
alloy as a whole become, more homogeneous.

6.4 The Vanadium-Gallium System

6.4a The Low Temperature Structure

Only one report of a transformation to a tetra-
gonal structure in the V-Ga system has appeared in the
litefature, that by Nembach et al. (1970). These authors
observed the transformation in an electron microscope
specimen prepared by the interdiffusion of adjacent V and
Ga layers. Broadening of the lines of the B-W phase at
about 50° K was attributed to a possible phase transfor-
mation. The possible transformation observed in the
present work occurred at 15° K, a temperature the same
as the superconducting critical temperature of the sample.
As this was the sample with the highest T measured and was
within the error of measurement, stoichiometrlc, the
data available for Nb-Sn and V-Si indicate that this
sample was the most likely to transform. No single
crystals have been prepared of V,Ga and no evidence is
available, therefore, for comparison with the powder work.
If this sample did transform, then the range of composition
' of the martensitic phase in V-Ga is of the same order as
that in V-Si and the axial ratio (1.0005) is of the same
-.order as that of the V-Si martensite. If, however, the
temperature measured by Nembach et al.is correct then a
much broader range of composition would be expected for
the tetragonal phase and probably a higher axial ratio,
in which case a transformation would be expected in
others of the samplés examined. As reported in chapter
four no such effect was found but a transformation could
have been suppressedlfo: the same reasons as in the V-Si
_-system. The result of Gossard (1966) that no broadening
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was observed in the n.m.r. spectrum of V3Ga indicates
that if a transformation does take place the composition
range of the tetragonal phase is narrow and does not
include the stoichiometric value. No lattice softening
meesurements as a function of composition have been
reported for this system, but the high value of the
softening at the stoichiometric composition indicates:

. that a transformation is likely but suppressed.

6.4b Superconducting Properties

Apart from the low values of T for some of the
alloys near stoichiometry, which may be due to disorder
in the lattice, the measured values of Tc show good
correspondence with the line taken from previously
published results. The curve, as for V-Si, follows that
predicted by Testardi (1971) shown in figure 6.3 and as
for the previous system the strain is a more important
factor than the variation in the electron to atom ratio.

The upper critical field for V-Ga is limited
by the high normal state paramagnetic limiting (Clogstn
1962 ' and Chandrasekar 1962) but the results of Foner
et al. (1970) shown in figure 2,26cimply that V-Ga
has a peak at the stoichiometric composition in the
value of ch and, hence, in the value of k and the amount
of flux pinning. 1If this‘'is 8o, then the behaviour deg=-
cribed for Nb-Sn and V-Si is also typical of V-Ga and

is further evidence for the low temperature phase diagram

suggested in the previous section. An alternative expla=-
nation is that with the drop in T the drop in H 2_is
automatic following the relation derived by Clogston
(1962): '

Hc2 = k Tc (6‘1)'

where k is a constant equal to 18.4 K-gauss/o K. However,
as it is the bulk hydrostatic strain which reduced T of

and in the other systems the variations in pinning and
lattice softening are related, it seems probable that

‘the same relationship will hold for the V-Ga system.
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V6.4c The Effect of Heat Treatment

Levinstein et al, (1965) show a plot of
lattice parameter against annealing temperature for a
sample of composition 2 V:Ga (figure 6,4) and the lattice
parameter/composition relationship shows that this is
due to a change in composition., The present specimens
show a slightly different behaviour. The thermal expan-
sion curves (figure 411) of the two alloys studied by
X-rays at high temperature, one with 26 at % Ga (V-Gal)
the other with 28 at % Ga (V.Ga §) , are linear except for
the measurements on the alloy after heating to a tempe-
rature above 1000° C. Above this temperature the phase
range of the "Cs-Cl" structure phase, is entered, aslwas
clear from the presence of additional peaks in the
powder pattern. The intensity ratios (figures 4.22and
4.23 are also virtually constant until this higher
temperature is approached. Changes on heating and cooling
in V-Ga (é) were within the experimental error and it was
concludéd that no changes in composition or order took
place. From the measurements of the Tc's of the samples
before and after the heat treatment described in section
4.5 it was concluded that the composition of V-Ga (&)
had moved towards the stoichiometric, an increase of 2° K
in the To being observed. Changes of composition, therefore,
are related to the temperature of heat treatment, as can
be confirmed by examination of the micrographs in fiqure
4.2 It is clear then that the behaviour of the V-Ca
system is similar to that of the other two systems

considered.

6.5 The Niobium-Aluminium System

, No evidence of a transformation to a tetragonal
structure ‘was observed in any of the Nb-Al alloys cooled,

is in agreement with the results of Wlllens et al | (1969)

using n.m.r, techniques. ““__It is interest;ng,‘to note,
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in superconducting critical temperature after heat
treatment, a result implying that a change of composition
had taken place during such treatment. No ‘such change

of composition is referred to by the authors nor, indeed,

is composition referred to at all, a rather strange omission
in view of the wealth of literature referring to the
composition ranges of the B-W structure materials! That

'no transformation can take place is by no means certain.

In V-Si, a Te lower than the maximum is observed for the
alloy which transforms (Testardi et al. 1971) and it

does not seem unlikely that a similar effect occurs in
Nb-Al. Moreover, lattice softening is observed as_for

the other three systems studied (figure 2.17a). Willens

et al. however, present further data for Nb-Al indicating
that in many of its physical properties, e.g. the electronic
. specific heat and the temperature dependence of the mag-

" netic susceptibility, it differs radically from the other
three compounds. This implies that the Fermi level does

not lie near a peak'in‘the density of states and that no
transformatjion is, therefore, possible.

As noted above, heat treatment alters the
compésition of an alloy and this can be seen clearly
from the high témperature X-ray results (figures 4.12
and 4.24). The sample with the higher Al content has
a virtually linear thermal expansion curve and constant
intensity ratios up to 1000° ¢ which is to be expected
as it lies within the B-W phase the whole time. - Above
this temperature there is a change in both the intensity
ratio and the thermal expansion curve, indicating that
" a composition change has taken place. The sample with
the lower Al content, moreover, after reaching a tempe-
rature of 1000° C undergoes a complete phase change.

At this composition (= 16 at % Al) this is to be expected

as the stable structure is now the o-Nb solid solution.
'Heat treatment, therefore, has a similar effect in this
system to that Observed in the other three and no classical .
order -.disorder transformation is observed.
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6.6 Comparison of the Experimental Results with
The Theoretical Predictions

'
6.6a Composition Dependence of the Structural Properties

| As described in section 2,7, there are two band
theories of the B-W compounds, one by Labbé, Friedel and
Bari%il and the other by Cody, Cohen and Halloran (sub-
sequently referred to as LFB and CCH). Both of these
are based on a model in which the Fermi level lies near
a discontinuity in the density of states, such that a
temperature change causes the Fermi level to go from a
‘peak in density of states to a trough, and the tetraonal
instability is produced. Both derive these results from
a consideration of the Helmholtz free energy, predict the
transformation to be of the first order and derive the
correct variation of the elastic constants. éCH (1968)
derive the curve shown in figure 2.29dfor the tetragonal
distortion, in good agreement with the later work of
Vieland et al. (1971) while LFB (Labbé 1967) obtain
the dependence on the sub-band filling (figures 2.28a)
of the point at which the shear modulus goes to zero
(figure 2.28c). Vieland et al. (1971) have since demon-
strated that because the structural transformation takes
place the shear modulus does not go to zero. The derivation
is, none the less, valid as the temperature difference
between the transformation temperature and the point at
which the extrapolated shear modulus/temperature curve
goes to zero is very small (figure 2.22b).

The numerical value of the sub~band filling,
defined by the ratio 0/Q_ , was calculated by LFB from
the maximum value: of the transformation temperature then
~ known and the sign of the tetragonal strain. If

Q/Qo < _B_IEZ__A_ ’ ‘ (6.2)
M?
»where a is the lattice parameter, M! the lattice contri-

bution to the shear modulus and A includes constants of
the band structure, then the tetragonal strain is positive.
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'If however,

2
o/0, < 16 a2’ | (6.3)
3 M

then, the tetragonal strain is negative. The presént work
shows that at or very near the stoichiometric composition,
the sign of the tétragonality for Nb-Sn is reversed so that

. for a Sn content of less than 25 at % ¢/a >1 , as is the

case for V-Si where the alloys which transform have less
than 25 at % Si. For the V-Ga alloy which may have trans-

- formed (section 4.4) c/a > 1 , but, because of the scatter

"in the composition/lattice parameter plot it is not possible
to say on which side of stoichiometry the alloy lies. As
the limiting values of.Q/Qo are functions of the lattice
parameter, which varies with composition, Thange in the
sign of the tetragonal strain is not impossible within

the terms of the theory.

Both the CCH theory and the LFB theory are
concerned with electronic effects only, i.e. they deal
with the Helmholtz free energy, F = U~-TS,rather than the
Gibbs free energy G = U-TS+PV. It can be seen from the
results discussed in the earlier parts of this chapter
that while this may be adequate for stoichiometric alloys
it is an incomplete approach for a non-stoichiometric
alloy, for the hydrostatic strain produced by the deviations
from stoichiometry appears to have at least as important an
effect on the structural prbperties as do the ehctronic-
variations. The effect on T, of such a stress has been
shown by Testardi (1971), but no analysis has been
carried out of the effect on the structural transformation.
As the stress term will alter not only the free energy

~ of the electrons but also the shape of the density of gtatesg

‘curve, band structure calculations are very complex. The
effects of strain will therefore be considered in qualita-
tive terms.

It is general experience (Reed and Breedis 1966)
that hydrostatic stress can suppress first order phase
" transformations and Kunzler et al. (1966) have shown that
an externally applied hydrostatic stress will suppress

oy .
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the transformation in a V=-Si single crystal and, therefore,
it is reasonable to assume that a hydrostatic strain within
the crystal (indistinguishable from one produced by external
stress) will adiso tend to suppress the transformation even
if lattice softening occurs. 1In this case as lattice parameter
and ordering results demonstrate that the hydrostatic

strain increasesfaway from stoichiometry, the narrowness

- of the martensite phase in V-Si will be due to the
suppression of the transformation due to hydrostatic

strain. Eventually a similar effect will occur in Nb-Sn,
but in Nb-Sn the spontaneous tetragonal strain is larger.
It can be deduced from this that the driving force for

the transformation is larger and, therefore, the hydro-
static strain must be larger before the transformation

is totally suppressed. The phase field is, therefore,

wider than that for v-Si. If the measured c/a ratio

for V-Ga is correct then the phase field of the trans-

. formation in that system is expected to be even narrower
than for V-Si. From these arguments the low temperatures
phase diagram of Nb-Sn should appear as shown in figure
6.5, which does not contradict the eXperimental ‘results,

| @ﬁgitesults of Potapov (1969) -

:hOWeVEr ¢ indicate a fall iﬁf**
' aS} ‘ShQWﬁ‘? i’n‘_ the ‘lQW‘ temper-

shbwn in figure 4 25, then the situation is similar to
that for Vv-Si where the fall in the transformation tempe-
rature occurs before the stoichiometric value is reached,
i,e. at a value of less hydrostatic strain than at the
peak. This may be due to the electronic effect derived
by LFB which can be seen in figure 2,8 where the drop in
Tm is very sharp at values of Q/Q near to unity.

The feversal of the tetragonal strain at stoichi-
ometry in Nb-Sn can be simply interpreted in terms of
these arguments, as arising from the greater strains
involved in introducing Sn atoms‘into Nb sites.
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.6.6b The Superconducting Properties

The dependence of T, upon composition has been
calculated by LFB (1967) and the curveisshown in figure
6.6. They make the assumption that because the isotope
effect is small in the g-W structure alloys (a = 0.1 in
equation 1.58) then the high value of T, is determined
by the high value of N(0), the density of states at the
Fermi surface, and not by the narrowness of the phonon
density of states. The work of McMillan (1958) and Hopfield
(1969) , however, indicates that this not so and that it
is the variations in 6, which govern the T,. Hopfield
(1969) has calculated A , the electron phonon coupling

constant as

_ N, (0) N (0)
A= L (dH)z 4 D (6.4)

Mw? \dx N(0)

where M is the atomic mass, w the mean phonon frequency,
N, (0) and N (0) the density of states of the P and D
bands and N(0O) the overall density of states. The
differential term represents the perturbation potential,
The correspondence between the theoretical values and the

measured values is reasonable as shown below.

Tc (calc) °k. Tc (measured)o K
vySi 17.6 | 17.1°
V3Ge 2.1 6.0
V3Ga 13.5 . 16.5
V3Au 0.7 ‘ 0.7

The low isotope effect, however, is not explained

. by this treatment and, indeed as Hopfield points out, it

is difficult to determine accurately the variation in the
phonon modes with the variations in the density of states

at the Fermi surface. 1If, however, the interaction is not
by means of the phonon but by means of the Frohlich acoustic
plasmons,‘the lack of isotope effect is immediately explained
by Rothwarf (1970), for the plasmon frequencies do not

depend on the mass of .the ions. The decline in the value
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of T, away from stoichiometry can also be explained in
terms of the effect of strain on the density of states
curve which will be smoothed out so that the high peaks
suggested by LFB will be broadened. That this occurs is
predicted by the hydrostatic strain effect on the marten-
site formation and such a change will undoubtedly alter
-the plasmon spectrum which will alter Tc. Evidence for
this is given by Rothwarf (1970) in that the plasmon
modes are very sensitive to the variations in the
physical propertiés. A further point in favour of this
theory is that apart from the Pauling theory, which could
equally be applied to the acoustic plasmons as to phonons,
it is the only theory which explains the Matthias plét of
T, agéinst the electron to atom ratio satisfactorily,
(figure 1l.1l0a).

-

The variations in flux pinning and in the upper
critical field H.o with composition can be explained in
terms of the hydrostatic strain as has been described in
the sections dealing with the Nb-Sn and V-Si systems,
That a high critical field exists is due to the high k
value of these alloys, which can be explained partly
in terms of the dislocations produced by strains in the
material and partly by the density of states itself, in
terms of the electronic specific heat constant. The
superconducting properties, as well as the structural
' properties, are, thus, functions of both electron
behaviour and strain. ‘ ‘

6.7 - Summary and Conclusions

A survey of the literature has shown that the
valuegigﬁberconducting parameters for the g-W materials
are higher than those for other materials and that in
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some of these materials a structural instability is present

at low temperatures. Both these superconducting properties
and the structural effects appear to be functions of
composition variations ahd, therefore, the relationship

of supérconductivity to the structure of the four g-W -.
materials, Nb-Sn, V-Si, V-Ga amd Nb-Al has been investi-
gated. To this end, apparatus for X-ray measurements at
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. high and low temperatures, and for the measurement of
superconducting critical temperatures was constructed.
Measurements of the lattice parameter of the alloys at
room temperature were first mwmade .. and these were

used to characterise the alloy compositions, to which
all other measurements were related. These measurements
were of the structural transformation temperature (if

"a transformation took place), of the superconducting
critical température and of the change in properties

on heat treatment, by X-ray and metallographic methods.

A In order to interpret the X-ray intensities
in te ms of atomic disorder in the non-stoichiometric
alloys a model was developed which is not limited in
its applications to the B-W systems but can be applied
to any binary alloy with two types of lattice site.

The results of this work and concClusions

drawn therefrom can be summarised as follows:-

1. The room temperature lattice parameter of a B-W
alloy is a function of its composition and the
éign of the variation of this parameter away
from the stoichiometric value is determined by
the relative sizes of the constituent atoms.

2. The variations in'superconducting Tc with
composition are in agreement with the published
data and these variations are accounted for in
terms of the hydrostatic strain produced by the
deviation from stoichiometry. The acoustic
plasmon as the mode of interaction has been
considered and found to explain certain otherwise
unexplained facts. | A

3. The variation of the structural transformation
temperature has been found to be a function of
composition in the Nb-Sn system and deduced to be
so in the V-Si and V-Ga systems. The absence of a
transformatioh in the present V-Si samples and the
width of the tetragonal phase is explained in terms

-of the hydrostatic sff;ih'due to non-stoichiometry.
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5.

6.

7.

6.8

The absencerf a transformation in the Nb-Al
system has been considered but not explained in
terms of the present theory. ‘ |
The absence of a transformation and the high
lattice parameter in Nb-Sn (1) were found to

be due to the presence of excess tin atoms on
niobium siﬁes, as a result of the high pressure
of formagion. The high Tc in this sample is,
however, unexplained.

The sign of the tetragonal strain was found

to be a function of the type of non-stoichiometry

'in a sample., In an A3B type alloy, material
~on the A-rich side will have an axial ratio

greater than unity, and B-rich material will

have an axial ratio less than unity.,

No changes in ordering were found to occur on
heating the B-W alloys, except those attributable
to changes in composition which occur by inter-
diffusion with the other phases preseht. The
temperaturg of heat treatment, is, therefore,
important in determining the composition and
hence the properties of an alloy. Variations

in order at room temperature are attibutable

to the effects of the type ofalomimexcess entering

' the other type of atom site,
In view of the above conclusions, knowledge'of
' composition, or its equivalent, the room tempera-

ture lattice parameter of an alloy is vital 4if
any attempt at- explaining its properties is to

be made.

Suggestions for Future Work

Suggestions for future work can be divided into
three sectiqns:—_(a) The Development of Theory, (b) The
Further Investigation of the Properties of the Materials,

and (c) The Investigation of Materials for Practical
Applications.,
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6.8a - Development of the Theory

The extension of the band theories of the phase
transformation and the superconducting properties to
include the effects of pressure terms.

6.8b Further Properties of the Materials

1. The investigatlon of high temperature phase
relations by use of hot-stage microscopy, so
as to determine more accurately the changes in
microstructure. v

2. The investigation of a phase transformation in
single crystals of V-Ga and Nb-Al, if they can

~ be groWn.

3. The investigation of the variations of lattice
softening with composition in Nb=-Sn, V-Ga and
Nb-Al, using either single crystals or poly-
crystalline material.

4, The investigation of the compositional devendence
‘of flux pinning in V-Ga and Nb=-Al alloys;

diseussed in this chapter is operational in all these B-W B
phases and hence verify the validity of the arguments in
~its.fa

wd

6.8c Practical Applications

The investigation of the stresses in commercial
 superconducting tapes as a result of epitaxy and differen-
tial contraction between the.superconductor and the sdbstrate
‘material, and the effect of these on the martensite,

currenr carrying capacity and superconducting critical
temperature,
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Appendix 1

Procedure for sealing capillaries under vacuum

The letters all refer to figure Al.l.

1. - The supporting plate (A), the copper foil (B)
and the silicon rubber (C) are removed from the underside
of the base plate (G). (Two of the retaining screws are
replaced by studding to facilitate replacement).

2, After the foil (B) has been cleaned and, if -
necessary to soften it, -annealed, a capillary (D) is slid
through the pin-hole in the foil and sealed in with
*Araldite" epoxy resin.

"3, The silicon rubber.(C), the copper foil (B) and
the supporting plate (A) are replaced (the silicon rubber,
the underside of the base place (G) and the O-ring in

‘the support plate (A) having been cleaned), before the
"Araldite” is set. The studding is used to locate the

three components.

4, ' The glass funnel (E) is cleaned and replaced in
the foil (F), bolted to the plate (M), "Araldite" again
being used to join them, (This prevents the funnel
1ifting with the stopper).

5. The apparatus is left for 12 hours (ovérnight)
for the "Araldite" to.set.

6. The stopper (H) is placed in the funnel, the

top end attached to the cantilever system to the shaft (X),
the sieved powder placed in the funnel and the bell jar (L)
and implosion shields (not shown in diagram) replaced.

7, The bell-jar (L) is evacuated to a pressure of
10-6 mm, Hg. and flushed with an inert gas. This is
repeated four times and the system again evacuated.

8. By sliding down shaft (K), the stopper (H) is
raised, so that the powder can fall into the capillary (D).

9. The capillary is sealed using an oxy=-gas flame,
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Appendix 2

Use of the Continuous Flow Cryostat

A2a Cooling Procedure

The letters all refer to figure A2,1,

1. When the central section has been replaced, the
main vacuum spaCe is evacuated to a pressure of 40 y Hg.
(for helium) or 1076 mm, Hg. (for nitrogen) through tap (a).

2(a). If it is possible for the syphon to be intro-
duced to the transport dewar after its other end has been
connected to the cryostat, the syphon (D) should be placed
in the cryostat, the needle valve (E) closed, and the
- system evacuated up to the needle valve (E). The needle
valve (E) is then opened and the syphon (D) slowly intro-
duced into the transpbrt dewar. When it is at the required
depth the top of the transport dewar is sealed in the normal
-way and the flow of cold gas.or liquid controlled by valves
(E), (F) and (G) and with the bladder (H) .

" 2(b). - If it is not possible for the syphon to be intro-
duced to the transport dewar after its other end has been
connected to the cryostat, the syphon (D) is flushed with
helium gas and the sealing assembly (I) slid to near the
end of the syphon (D). The syphon is then introduced to
the transport dewar, the top of the dewar sealed and the
syphon (D) slid through the seal (I) until it is possible
to connect the other end of the syphon to the cryosﬁat.
This connection is made against a flow of helium gas
flowing "backwards" through the cryostat. (When the
needle valve (E) is closed this will be stopped. The
pumping line is then dlsconnected from the helium gas
supply and connected to the pump, and the system evacuated
up to the needle valve (E) which is then opened and the
syphon (D) lowered in the transport dewar to the required
depth. The flow is controlled as in 2(a).

3. When the required temperature is reached the
"speedi-valve® (G) is closed and the temperature controlled
by the needle valves (E) and (F) and the heater.
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4, At the completion of the experiment, needle
valve (E) is «closed and then needle valve (F). Needle
valve (E) can then be opened and the syphon removed from
both cryostat and transport dewar. On later models a
helium gas line has been introduced so that warm gas can
be admitted to the system, decreasing the time required
for the return to room temperature.

A2b Prep&ration of Samples

The sample mount is a copper or gold plate,
machined so that the specimen surface is in the same
plane as the alignment slit, and it has a hole 1.5 x
- 1.0 cm. machined in it., It is placed with the specimen
surface side (with the countersunk holes for the retaining
screws) downwards on a sheet of thin "mylar"™ and secured.
The powder, ground to 300 mesh in a pestle and mortar is
sprinkled on to the "mylar®" until the layer is no longer
translucent., It can then be secured using acetone
collodion and backed with copper powder to give good
" thermal conductivity or with vacuum grease which both
acts as a fixative andsa good conductor .at low temperatures,
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Appendix 3

A3 Alternative Treatment of X-Ray Intensities

The following analysis was developed to analyse
the X-ray intensities and obtain both the Debye Temperatures
and  the degree of order of the material being examined.

As explained in section 3.4g the data was found not to
be accurate enough for this method to be applicable.

A3a Température and X-Ray Intensity

James (1948) has given an almost complete account
of the influence of temperature on the diffraction of
~ X-rays and derives an expression for the intensity scattered
'. by a lattice:

-2M

I (/M) = [f 1% "7 1 (s/M) + I, (S/A) (A3.1)

where fo is the atomic scattering factof for a lattice
of one atom type, A, the wave length of the radiation,
§=5s5 - S, ¢ the difference between the unit reciprocal
lattice vectors of the incident and scattered waves, and
M= SnZ'EQT(sinze)/kz is a factor which arises from the
vibrations of the latt:I.ce,'E;-2 being the mean square
elongation of any point of the lattice from its mean )
position in a direction parallel to S. The term'go(g/l)
gives the intensity of ordinary diffraction maxima, and
describes the intensity scattered by a lattice of points
at rest. The intensity of these maxima are reduced by
the thermal motion but they are not broadened. The
second term IZ(S/A) gives the general scattering and

can be written:

1,(8/0 = | |2 &2 o | (A3, 2)

where 0 = % %3 %g3 {1 (8/2+g) + I (8/M)} (A3.3)

This term arises from consideration of the lattice
vibrations in terms of normal modes (j = 1, 2, 3) and is
the sum over these modes and the lattice waves of wave
vector g. This term can be rewritten, giving an expression
for the thermal diffuse scattering Imp

*
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=1 f£2,"2M 2
Ipp = I £%7°7 N? 5 (G ) (A3.4)
shere G ,=2th 1 (R.e .)2 coth|h
Y g3 = 28 L (Beggy) -
g3 ZTkT (33.5)

In these equations N is the number of atoms, f the atomic
scattering factor, 2M the Debye factor referred to above,
h is Planck's constant, m is the atomic mass, R (=2sine/ 1)
the diffraction vector from the origin of the reciprocal
lattice to the point of measureqent, Egj‘a unit vector in
one of the directions of vibrations of the lattice (3)
and ng is the circular frequency of the elastic wave [+

- k the Boltzmann constant and T the absolute temperature.

A3b Thermal Diffuse écatterinq

for Cubic Powder Patterns

To correct intensities for thermal diffuse

‘scattering, an estimation of the value of the scattering
. can be made assuming that all the atoms vibrate indepen-

dently. Warren (1953) showed that at high temperatures
a better approximation is obtained if it is assumed that
the velocities~of all the elastic waves in the lattice
are equal. Herbstein and Averbach (1955) follow Warren
in this assumption and write Wgy = 21V |g| where V is the

‘ velocity of these waves. The temperature diffuse

scattering (from equations A3.4 and A3.5) now becomes:

I, = NIe hf 2"2M  oth hv . 2 .
| -— (Reggy) (A3.6)
2nmv | g | 2kT 5 .

If each Brillouin zone is replaced by a sphere of equal
volume and 2M assumed to be small, A3.6 becomes:

2 pq_.=2M
. ITD - NIe f¢(l=e ) coth

Iraax E » (A3.7)

6{o (x)/x+%} g

X
2

52

ax

where xéeD/Taand $(x) is the Debye Inteéral. Z(E.Egj) =1

. 1f all the waves have the same velocity and:.
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Vv = “nax = X% - (A3.8)

Imax hgmax _

so that: hvlgl ¢ g ‘ N (A3,.9)
' 2kT 2 gmax ' :

Equation A3.7 gives the inténsity corresponding to a

point in the Brillouin zone,hkl. For a pérticular value

of sin8/A , the intensity on a powder pattern is given

by averaging over all such points on the surface of a
sphere of radius R. To do this it is necessary to average
over the part of the sphere which falls in each Brillouin
zone, summing over all zones transversed by the éphere

and dividing by the area of the sphere 4mR?. For the

B-W structure g .. = (6/ﬂ)1/3/a where a is the lattice
parameter., The intensity due to thermal diffuse scattering

is thus given by:

I, . NIf£2(1-e”2)(¢/m2/3 1

TD
6{¢(X) + %X} X |
Jhk1 isinh(x/z) (A3.10)
X I == |
BEL Xpka 1% | sinh[3x(n/6)” | %%y 1]

where'jhkl is the multiplicity of the hkl reflection,
X=2a sin6/A anﬁthkl = 2a sinehkl/k.

Equation A3.10 can be written as:

Iop = A.ITh'whefe A =NI_, and Iy, represent the
other terms in the equation together with terms representing
the absorption and Lorentz-polarisation corrections. ITh
can be calculated at a particular value of sin6/},at a
particular temperature ,for a lattice of known composition
and known Debye temperature,if weighted means are taken

for the values of £ and the atomic mass. The measured
intensity at any point can then be represénted by an

equation:

I =A.,I.. +B,8 +C+ I (A3.11)

m Th B



where Is is the intensity of the Bragg reflection and

K8 + C represents a trapezoidal background including

the Compton scattering and any zero errors in the method
of recording the intensities. Away from a Bragg peak
Ip=0 and the intensity is represented by the expression

I =24a.I + K0 + C (A3.12)

m Th

If this function is now fitted to the measured
background curve, the constants A, k and C can be found
by a least squares method (Sparks and Borie 1962)., If
~ the value of the Debye temperature is not known, it can
be varied invthe calculation of ITh until a minimum
variance is found in the value of A (Gazzara 1960).
The true Bragg intensities can then be found from

equation A3.11,

The Bragg intensity of any reflection is also
given, when corrected for temperature etc., by the
expression:

“ Ié = NIel(expreSSions for the structure factors)
’ ' (A3.13)

As NIe = A has been found from the least squares analysis,
in theory, absolute intensities can be treated rather
than relative intensities as is usually the practice.

A computer programme was written to carry out
this analysis, and the inaccuracy of the data was found
to be too great for this analysis to give significant

results,
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Appendix 4

Computer Programmes

All the computer programmes used in this work
were written in Fortran IV and run either on the |
Univer sity of London C.D.C. 6600 and 6400 or the
Uhiversity College, London, IBM 360 computer. A printout
of each programme, together with a brief description of
its operation, is given, '

A4A ' Programe D.S.L.P.

Programme D.S.L.P. calculates the lattice para-
meter of a cubic material from the line positions of a
powder pattern on a Debye-Scherrer Straumanis mounted
£ilm. The f£ilm.is placed on the film measuring device
with @ = 0° position to the left of the 8 = 180° position
and the line positions read from left to right, such that
the 8 <90° values precede the 6 >90° values.

The data read into the computer, together with the -
‘variable names assigned to them are as follows:- ' '

WAVE (1+3) = Wave iengths of radiation used
(lskal 2'='ka2 3

weighted mean, ka) 3

NUM (1-+4) = Numbers of lines on the different
\ parts of the film as described at

the beginning of the programme,

NDATA = Number of films.

THETA (I) Line positions on film,

" Z (I) = h®+k2+12? where hkl are the Laué& indices.
(It is assumed that the structure is
known so that most of these values are

correct).

LAaM (I) = 1, 2 or 3 indicating the wave length
which‘produced the line (IEka1 ZEkaz
and 3=ka ,-i.e. an unresolved doublet).

v The programme first calculates AVA and AVB, the
8 = 0° and o ='180° positions and if any measured line
pair gives a value disagreeing with the mean by more than
0.10, the reflection is ignored in subsequent calculations
and a message is printed to this effect. The Bragg angles



(6) XZ are then calculated, corrected for film shrinkage,
and by standardising the values to the ka wavelength,
~a check in the indexing is carried out by comparing the
values of sin?0/(h%+k?+1%)., This is done by rejecting
any line which differs from the average value by more
than three standard deviations. Re-indexing is carried
out by varying the value of (h2+k2+12?) and repeating

the comparison, If a new index is found o rthe line
rejected then a message is printed to this effect.

An approximate lattice parameter AO is then
calculated from the hiéhest angle line and the least
squares analysis carried out as described in section 3.3.

The variable names are:-

am0 =a DDELTA = 26

GAMA = ¥y Y

DELTA = § - DGAMA. = ¥

DRIF = K ' 30

DELK = AK "FTHET = 3Fg

DELA = AA 98

FO = F, W(I) = WEIGHTING FUNCTION

The analysis is repeated until AA/Ao < 0.00005.
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The standard deviation SDA in the result is then calculated
and a further indexing check carried out by comparing values
of 8 calculated from the lattice parameter with the measured

values. If any line is rejected or re-indexed, again a

message is printed and the least squares analysis repeated,

A check is also incorporated in case everv line is rejected.

AQB Programme LSQ

Programme LSQ calculates the § = O position
and the circumference of the film holder of the high
temperature camera described in section 3.4. A least
squares fit is made to the equation: ’

THETR = 2C(XA)/360 +A | @ .1)

where THETR is the 6 value of a line calculated from the
lattice parameter, XA the measured position of the line
(with an arbitrary zero), C the circumference of the film

—
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holder and A ¢+ @ constant representing the B=0°‘position.
In the programme THETR is represented by Y, XA by Z, C by A,
A by B and X/180 by X.

From the computed values of C and'A and the
measured knife edge positions the values of the knife
edge positions were calculated.

A4C Programme HeTeL.Pe

Programme H,T.L.P. calculates the lattice para-

meters of a cubic crystal from the line positions on

the films from a 19 cm. camera, The true knife edge .
positions are known from previous calculations and the
knife edge positions are read off the films. These are
given the names ENKT and ENK respectively in the programme,
The values of the line positions on the two films, THETR
and THETL are read into the computer and their positions
relative to the knife edge positions on the film calculated.
A shrinkage correction using ENK and ENKT is included in
the next stage which is to calculate the Bragg angles for
. each £ilm from the true knife edge values. A mean of the -
values for the two films is then taken. The programme
from this point is identical with programme D.S.L.P.

A4D Programme LATEXP

Programme LATEXP calculates the lattice expan-
 sion of cubic materials from four low angle line shifts,
using equation 3,7. The data read into the computer
together with the variable names assigned to them are as

follows: -
ENKT (1+4) = True knife edge positions.
NSYST = Number of specimens.
NDATA *" = Number of films per system.
AO = Room temperature lattice parameter.

THETR, THETL = Line positions on left and right
films respectively. -
T ' = Temperature of exposure,

The Bragg angles XZ are first calculated as a
mean of those calculated from the two films using the same
method as that described for programme H.T.L.P. The mean



change in lattice parameter MADD, the coefficient of
thermal expansion ALPHA, and the lattice parameter A
at temperature T are than calculated. The standard

. deviations Aa/a° and that in ALPHA are also calculated.
While the number of measurements (4) is not enough for
statistical significance the value of the standard
deviation gives an indication of the scatter among the
measurements. . 4

A4E Programme AISTC

Programme AISTC calculates the critical
temperature of a sample from a series of values of
thermocouble readings. The first stage, however, is
to produce a calibration curve for the thermocouple.
TCAL are the calibration temperatures and CALG the
thermééouple readings for those temperatures, By a
" least squares method the constants A and B are cal-
culated in the calibration equation.

TCAL = A , CALG + B - (A4,.,2)
The errors in both A and B are also calculated.,

The thermocouple readings for the transitions
AMV are read into the computer and a mean value MGOL,
and its standard deviation DOLS, computed. Then the
temperature THETK is calculated using the equation:

THETK = (MGOL - B)/A (Ad.3)

The error DTHE in the T, (THETK) is'finally
computed.

A4F Programme ORDER

Programme ORDER calculates the Ihkl/I4oo X=-ray
intensity ratios from the site occupations for the systems
V-8i, V-Ga, Nb-Sn and Nb~Al. The multiplicities AM for
the four lines and the atomic scattering factors FA and
FB are read by the computer and the site occupations as
‘percentages AA, AB, BB and BA varied, whefe:‘

AA = no, of A atoms on A sites
AB = no. of A atoms on B sites
BB = no, of B atoms on B sites
BA = no. of B atoms on A sites.
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The variations of these include the situations
where vacancies are present and XA and XB are calculated
.as the fraction of A atoms and B atoms in the solid,
where XA"+ XB + XV = 100 and XV (not used in the programme)
is the number of vacancies, SA and SB are also calculated
as described in Chapter 5 and the intensities SINT and,
hence, the intensity ratios RELA calculated. YA and ¥YB
are also calculated as the chemical composition of the
alloy (YA + ¥YB = 100). The values of the various para-
meters are finally printed for the four systems. The
values DFA, DFB, EFA and EFB are the anomalous dispersion
correction terms Af' (DFA, DFB) and Af" (EFA, EFB) for
the A and B atoms. ‘ '
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DO 230 I=1,NUMC e e e
S WRITE (6,151 I,z(I),LAM(I)" TSR S e et
. 151 FORMAT (144XX1Fé, 09 XX I4) LTl '
- 230 CoNTIMUE — i '
., NXA=0 i
e A »
= DO 10 K=lgs 2 B it T R R SN PRI eI At R
T TOTA=0 T . T =
. T0TR=0 - T
DO 20 I=lsNuMp
oo IF(ZA(I)) 204209304 : TR
CSUMA(I) =THETA (NUMA +I)+THETA(NUMB '41-1)‘*'
TOTA=TOTA+«SUMA(T) S

ISsNUMC=NUMpD+T

fé’*"‘IF(7(15)> 309309306 o EEE

306 SUMB(I)=THETA (NUHA. +1 I)+THETA(NUHA Hu?*(NUMD )«I) e e

T30 TOTB=TOTB+SUMB(I) e e



AVA=TOTA/Z (2,04 (FLOAT (NUM(2)=NXA))) , o RETETE
AVB=TOTR/ (2,0% (FLOAT (NUM(4) =NXB))) - o mmimssii e e
- IF(K=2) 2+10410 o - -
ST 2 D0 40 I=1sNUMB LT
E IF(Z(I)) 404409305 e s
7305 DIFFA(I)SSUNA(I)~(AVA)#(2,0) = o i et
- BA(I)=ABS(DIFFA(I))=0, 1o : o -
TUUT UIF(BA(IL)) 4004044 ' e
4 NXA=NXA+1 I S L RSP
e ‘JR I TE (6 9 1 ) I B T TR A=A S e R U & (i B o
2:o 91 FORHAT(IEH SCRAP LINE #I2) . o om0 o
PrSintigd B z ( I ) - - T A T T T T T A T R RS S T TS T LTI IS LT . T LA o
40 CONTINUE e T T
T DO S50 I=lsNUMD o T
: - IS=NUMC=NUMD+I B T A ST e
e IF (Z(18))50,509307 T e it s e
..307 DIFFB(I)—SUHB(I)-(AVB)*(E 0y . o .
AT S BB ( I ) ARS (D I FFB ( I ) ) -0 10 T T O T L Y L L T I T, LT I T TN T T I T L UL min s et e
CIF(BB(I)) 5095045 T

B NXB=NXB+1 T

Lo - WRITE(6,91) IS | -

T HCsHUHG) =NUM4d e T
o ZINCI=D0 : .
S0 CONTINUE ° ommEETTe TS m A
N 1 0 CONT INUE k ST R nORIIE T

T T UUTIF (NXASEQ, NUMB) 60”10'220‘*
e - IF(NXBeEQeNUMD) GO TO 220 : -
T XZ=RRAGG ANGLEsTHETA’cOPREcTED Fon FILM SHRINKA@E PR

D0 60 I=1yNUMB :

XA(T)=(THETA (NUMB ~ *I)-THETA(NUMB *1 1))*3 14139/((AVB-AVA)*4 0)

-pQO 70 I=1s¢NUMD e A

XBUI)=(THETA (NUMA +1 I)-THETA(NUHA ‘-(2*(mumu~’))+1))*3.14159/

~D((AVB=AVA) #440) . ST I e s arsamen o Tesns

TTIF(XB(IY) 64697

sz 6 XC(I)V=XB(I) - -

TG0 TO 88 0 T ‘ :

27 T xC{I)=(3.14159/2, 0)-XB(I) IR ORISR L

"""" 88 ND=NUM(3)=NUM(4)+I =~ ~ T

70 XA(NDI=XC(I) e s i T

""***"IF(<NUMB+MUHD).NE.(NUMC)) GO TO 8 T TS me A

e GO TO 9 ST TEE TN T TR

T8 'NE= NUM(a)-NuM(A}-NUM(z)"“**;m’”“*W“““”“”””*T*““T’W”“““”"“'“
" DO 80 I=lsNE S

= E = UMB . T U

... B0 XA(NF)=(THETA((2%(NUMB 1) +1)=AVA}#3, 14159/((AVQ‘AVA)*2 0)

g CONTINUE - = T e

S WRITE(6,73) . T s s A S B ST B

T3 FORMAT(18H THETA ¥ S TR e

DO 200 1=1,1UMC L Tmnmm oo meo o

T WRITE (6 2161V XZ2(1)9Z (1) B T T

----- 161 FORMAT( Fl0.43XX3F4¢0) “:“;f'”“' S S R e

200 CONTINUE

T SUMS=0

o ... SUMSS=0 : el LT R L R T e e
= ﬁDo . 1 0 0 I=1 ’ ,\IUMC T e SRR TR LI T I SRt T e T b w L e il
. IF(Z( I)) 1009100912 S mmgmERERR A ITERGRN L TR E b e
LTI 12 I F. (LAM ( I ) _2 ) 24 ’ 25 ' 26 Tooomossealnml R IR I e SRR T T e R TR T L R
26 SXn(I)~(<51NtXZ(I)>)*(WAVE(l)))/(wAVE<3)) o E T s
Lol GO TO £7 e e lmem Rl R L e
25 SXD(I)~((SI\(XZ(I)))*(WAVE(II))/(WAVE(E)) L ,
T GO TO 27 . - ETII :..'..'_:;'_';,:A:.:f-,; B IS A
24 SXO(II=SIN(XZ(I)) . S
527 XD (1) =ATAN(SQRT (((SXD(I))##2,0)/(140=((SXD(I))##240))))
Co- SEDI=UISINIXD(IN) I #e2,0) /Z (L) L. .

-




27 4

s SU"-’S SUFIS ‘S ( I ) (SPGB Al e Sl td
100 CONTINUE
R AVS= SUHS/(FLOAT(NUM(3)~NXA-wa))
Do 110 I=1ypU0mMC _ R A DU . .
I F ( z ( I ) ) 1 1 0 ’ 1 1 0 1 3 - U I eI I T LI g fo b el P e ":".. CTIT Lt ot
213 SS(I1=(ABS(S(1)=AVS))n#2, 0 ez :
L - su"/’ss s‘J'1ss +ss ( I ) . N e D T ST LRI S AP S o PSR A Ovk i U S S -
110 CONTINUE

SSD= SQRT(SUMSS/(FLOAT(NUM(B)-NXA~HX8))) T T
- DO 120 I=1,NUMC : - 5 .
TTTTUUUIF (Z(IY) 1200120914 T T e T S =
14 IF((ABS(S(I)=AVS))~3,0*(SSD)) 15-15.17 e e
LoaTm T 1 5 GO TO 1 ﬁ L N T L LD T T ST, S e g Eebpiiags
c REIHDEXING cYCLE(SIN SQ. THETA) /N i :
TTUIT DO 130 J=14MUMC T RS CE T s S B i
IF(z(J)) 1309130,78
S T8 SU(JI)=((SINIXD(])) ) ##(2, 0))/Z(J) T T -
o IF ((ABS(SJ(J)=AVS))=3,0%(SSD)) 19419921 ,
19 WRITE (6922) XZ(I)sZ(J) : ST TS s Shasninans s -
‘22 FORMAT(13H FOR THETA = »F?.S/IIH NEW N = ,Fz.o)

T2z =2y)
=70 G0 TO 120 T T F TSI s m e
1 IF (NUM(3)-J)'23923’130‘”“‘""“"' T s
= giny=0
5..130 CONTINUE» L
'””18 ConTINUE ~ T
120 CONTINUE
28 DO 140 1= lswUMC
oo IF (LAM(I)=2) 29931932 = oo Cmemsmesoe
729 WAVEL(I)SWAVE(Y)Y T -
.. ..GO TO 33 DU Tl ST TR LS RS L TR T s
- 31 WA VE:L ( I ) —WA VE (2 ) T o - i
e GO 710 33 R T eTERmLT e Mot dmmeiclmms e moos s o
T32 WAVEL(I)=WAYE(3) ~T T ) T T T e e
.33 CONTINUE L ;;;;~;¢ﬁi;“ﬁt;;ﬁ:4?ﬁﬁf*,f;:;;*;*AJ LI T
i 1 4 0 C OHT Ir\lUE - PR et Sttt sy AR e R T N L S T I I AT I L SN LTI LI e T

Cc. CALCULATION OF FIRST AAOe = - = , - _
77309 L=NUMC T T E e T
= DO 210 M=1lanUMC G ‘: B e : .
TTUTTUUIF(ZAL) ) 349349497 e & -
. 34 L=L-] - 5 G c

““““ 210 CONTINUE = 7 memmmess T e
49 AO-(WAVEL(L))*(SQRT(Z(L)))/((SIN(XZ(L)))*(Z 0)) -
) AAO=1e0/((AQ)##(2.0)) =
c . LEAST SQUARES ANALYSIS e
) “DRIF=0 ' T
39 ALSUM=0
“DESUM=(Q
2 DLSUM=0 Coh e
TTTAFSUM=Q 0 TR
:2 - DFSUM=Q -
“‘*35 DO 150 1= I,HUMC
. JF (Z(I)) 1504150936
36 GAMA(I)=(2en)# ((SIN(XZ(
.- DELTA(I)=((SIN(2¢0%(XZ{
TTTTTDA(160/{X2Z(10)))
i ALPHA(T) = ( (WAVEL (1)) %#(2.0) )% (Z(1))/(240)
T DDELTA(II=(SIN((2e0)#(XZ(T))))*((4a0/(SIN(XZ(I))) )~
- D(BeO®ISINIXZ(I))) )4 ((4e0)/7(XZ(I)))~((Ba 0)*((51N(X£(I)))**(2 0))/
TDUXZA(I)) )= ((240)RH((COSIXZ(T))IH*(2,0))/(SINIXZ(I)))) :
= D ((SINC(240)#(XZ(1))) )/ (UXZ(I))##*(2,0)))) .
T DGAMA(I)N=(2,0)#(SIN((2e0)%#(XZ(1)))) o
.. FTHET{I)=((DRIF)*(DDELTA(I)))~DGAMA (1)

I)y) ez, 0) - e e e e
1) ))“*(2-0))*((1:0/(SIN(XZ(I))))+




27 5

) ##(3.0))

W(I)=len/ (ARS((DRIF)®(((4,0)*(COS(XZ(I]))
(N

Do ((Be0)#LISINIXZ(I) ) )R (2,0)) % (COS(XZ

D (260)#(SIN((4e0)#IXZIIIYII/(XZ(T)))

D ((SIN((2.0) ¥ (XZ (1)) )/ (XZ2(1)) ) 8#¥#(2,0))

D=((20)#(SIN((X2(I))%(2.,0))))))a%(2.,0)

o DEHL(I)=((ARS(FTHET(I) ) Y24 (2,0) ) /(1) .

ST FO(I) = ((AAOY R (ALPHA(T) ) ) ¢ ((DRIF)#(DELTA(I)) ) =GAMA(I)
ALTI)=((ALPHA(I) ) ## (2, 0))/(DEML(I)J

T ALSUM=ALSUMAL (1) LT T RS R i i e
... DE(I)=((DELTA(I))##(2,0))/(DEML (1)) : N
© T DESUM=DESUM+DE (1) T T T s R
o DL(I)=((ALPHA(IJ)*(DELTA(I))J/(DEML(I)) T
T DLSUM=DLSUMLDL (1) ST e e o
AF(I)'((ALPHA(I))*(FO(I)))/(DEML(I))‘ e

T AFSUM=AFSUMLAF (1)
- DF(I)-((DELTA(I))*(FO(I)))/(DEHL(I))
T150 DFSUM=DFSUM+DF (1) B T
o DELK-((AFSUH)“(DLSUM)-(DFSUH)*(ALSUM))/(((DLSUM)**(Z-O))
D (ALSUM) # (DESUM) ) :
DELA—((AFSU1)*(DESUM)-(DFSUM)*(DLSUM))/((ALSUM}*(DESUM) -
T D((DLSUM)#%({2,0))) o
WRITE (6938) AAO+DELASDRIFsDELK S :
38 FORMAT (gH AAO= +F847/11H DELTA A = +F8+477/11H DRIFT K = +F10.7/

L DllH DELTA K = sF10. 7) R
""" DRIF= DRIF—DELK ' T T R S B e S e e R

-~ AAO=AAODELA o o
== IF (((DELA)/(AA0) ) 4+LE+0400005) GO TO 42 T
60 TO 39 . . |

st 42 AO«- 1 0 / ( SQ R T ( A AQ ’ ) L irresm i ‘:.'?:'.'.’.;.:" Fo ' ~“";"' rrimmEliiial = =
© o SUMNa=0 _ LT 5
2 QD I V 0 ——— = e DI S N S S S S TR SR L LA Ll

o Xu(DESUM)/((ALSUM)*(DESUM)"((DLSUH)**(Z 0))) =
T DO 160 I=1eNUMC e
o IF(Z(I)) 160160943 e ]
'”43‘@(1)-(1.0/(0EML(I)))*((ABS(FO(I)))“*(ZoO)) U e

~ SUMO=SUMQ+Q (1) , _ o T S AR

U160 QDIVE=QDIVel,0 00 o s e

- - SDAA= SQRT(((SUMQ)*X)/((QDIV)~2 n)) e

TEEETT opAm( ((AD) *4 (3, 0)))*((SDAA)/(2 0) ) T TR

oo SUMN=Q et T
ImnLn WRI TE (6 54) AO ’ SDA F .;;. Dot Iatrial TR S e PR "'———_1: vimminzoor e

54 FORMAT (20H LATTICE PARAMETER= vFB 6/

‘D23H .STANDARD DEVIATION S IFBe6) T TS L
e oo DOO1T0 I=1 e HUMC T Sl :
TTUTTTUIF(ZAL)) 48448946 s
i 4B SUMN=SUMN+] T
St s 1o 170 R i R T

.46 SQXA(L)=(Z (1) #( ((WAVEL(I))/((2, 0)*(A0)))**(2 0)) :
S SOXAII =(SIN(XZ(I)) ) #e(2,0) y
o JF(ABS(SQXA(I)=SOXA(I))sLEeNe004) GO TO 170
€777 REINDEXING CYCLE SIN SQUARED THETA(CALC-MEASURER)
.- DO 180 J=1,HUMC
TTTUSAXI ) =(Z ) R LCMAVEL (T) )/ ((2,0)% (AD) ) )% (2,0))
oo IF (ABS(SQXJ(J)-SOXA(I))oLE 0. 004) GO To 45 1
Il i GO TO 52 e L R L L e e L S T R L e s
45 Z()1=Z(J) : : e L
T WRITE(6444) XZ(I1)eZ(I) ‘ T e e
44 FORMAT(13H FOR THETA = 4F7,5/11H NEW N = ,F2,0)

i GO TO 170
.. 52 IF (NUM(3)=)) 539539180 : E - -
53 wR I TE ( 6 ’ 91 ) I . . S mlimimiio o ;';'.:;_:':':'::;:_':: LI IS INITLL Lo L s e
e Z(I)=0 . <.i :N :," . ° . .
SaTLA LS o XZ ( I ) =0 - EEES SR PSSR & ool g vl el gt re STy L T Tm It PR =
180 CONTINUE :

170 CONTINUE ol



276

- SuMM=0 R o B L ~

- DO 1 9 O I =1 , NUHC TonaT DT I LRI D LI LTI LILIC LI Tl oIl oL oTtL o

IF (Z(I)) 51951190 ,

51 SU.‘1B1=SUt4f1¢1 - S e PTG I A ARIERL T TS TSSO NI L TS et

190 CONTINUE ' L - :

o ~IF (SUMHeEQ.NUMC) GO TO 30l T EERT e

IF(SUMML.EQ. (NUMC=1)) GO TO 39 R :

S0 U IF (SUMM=SUMN) 479679307 T TR e e e

301 WRITE(6,302) T Ea e R

"302 FORMATI(14H ALL Z = 0 = ) ~rmmoms momsmss e sme s

- GO TO 47 e e LA :

S 3 0 3 NR I TE ( 6 ’ 3 08 ) [ N TG A A DRI S S e e T e St T L o TS
- 308 FORMAT(Z2H .ALL Z BUT ONg = 0 ) o e e
R B GO TO 47 —_—— e FOUE - T = o S T
47 CONTINUE s S e LI

b 220 CONTI NUE RO imet e L e - - o~
R o . STOP - T R i &.'"' 'i'- . " t i".‘t. A:"—:"_“I '7 - ‘ S TETmeT ) N ) .
e e LA .E ?.J D - LS loTLT oI ’j‘.‘_,’,‘ [t el O o i e e N Sl S i b feptessirub gl



" PROGRAMME H.T,L.P,

P:;HIGH TEMP. 'RRAULEY. LATTICE PARAMETERS e T ISR I S T e e
€. CUHIC CRYSTALS . _

C ==z NUMGC=N0, OF LINES - = R e '

€ ... THETR AND THETL ARE LINE posxrzous ON RIGHT AND LEFT FILMS. _ -
C-o==_ FENKT ARE CALIRRATED KNIFE EDGE ANGLES S E——

C»——_»FOR BOTH ENKT AND ENK NOS, 14ND ? ARE LOW AND H] HIGH ANGLES ON THE RIGHT
£_____AMD NOS«3 AND & ARE LOW AND HIGH ANGLES ON THE LEFT RFSPECTIVELY ,
—ALL. ARRAYS OF THE NOe OF LINES START AT LOW ANGLE. R B
__REAL THETR(25)+Z(25) s WAVE (3) s THETL (25) 9DIV(25) yENKT (4) o -
“DWAVEL (25) 1 GAMA (25) s DELTA (25) s ALPHA (25) +ODELTA (25) + DGAMA (25)
==—=DFTHET (25) ¢ W (25) ¢ DEML (25) +FO(25) s AL (25) 9DE(25) s DL (25) s AF(25) s _ . _____
S====DDF (25) 910 (25) +SAXA(25) +SNXA(P5) 1AA(25) ¢+ SXD(25) 91 XZ (25) 9SQXJ(25) 9 i oo °
w____‘DENK(4)9XD(25)¢S(25).SS(?E)oSJ(ER)cXA(25)9XB(25)oXH(25) —
T INTEGER LAM (25) et T LS. LI e N M C L
= READ(54975) _ (HAVF(I)vI 103) — —
=276 FORMAT(3FB,.58) 0 o R T e e e e e e e
._a_"~hWRITF(6'131)(%AVE(I)oI 103) — — o
==131-FORMAT(15H - WAVELENGTHS = ,3FB8e8) s oo o R =
__READ(5416) . (ENKT(I).I-I.a) - __ —

EE516 FORMAT (4F10,6) —ooiiomind B = = == - e
S— __WRITE(64141) . (FNKT(I),I 21ab) S S —
Z=141-FORMAT (. 25H CALIRRATFD -KNIFEEDGES . »4F1046) . T S et ,
=== READ(59181) NDATA-____ - e e -
==181 -FORMAT (I2) - SRR S S S e
—____.ho.?220 NFILM-l-NDATA_ _ __ . _
S WRITE (69191) NFILM . So=== T = == == =2
9] FORMAT __(12H . FILM._NOe. 912) ____ - — :
R READ(59151) NUMC.(ENK(I),I 104)= ?4M4Eail:w-keikfiuz;é=f:;4w4:a:—m'
=151 FORMAT (14 s4F10eb) - e
SEEEEWRTITE(69401) NUMCy (ENK(T) 9 I=194) R e e e -
=401 _FORMAT (10H__ NUMC = . +14/20H FILM KNIFEEDGES-Al.4F10-6) , . __
S=E2CAFAD(Se1TL) (THETR(T) 9121 ¢ NUMC).- Sa ' ==Eas—-
171 _FORMAT _(BF10.4) _ I __
SEETUREAD(S9111) (THETL(T) oIzl NUMC) o e —mee e s s
—111_FORMAT (8F]0es4) — — .
=S READ(5499) - (Z(D) 9 I sNUMC) B e == ==
——99._FORMAT(20F4,0) .. — - — —

"RFAD(SQTT) (LAM(I)oI 1 o NUMC) 5 = = =

i

== “'"’NX A= 0 e e ct e = T = e ST
HRITE (64 4?1) - —- —

 E421 FORMAT(20H - XA ——— kg ) o o SEES e
::f_f;no 101 LoNUMC .

_ D=ENK(3))) . - . — .
zz::;@wRITE(agaal) XA{T) oXB(I) EE SR *x**ii@*’f*"iﬁ““W"*"”“

le 0 CONTINUE L = T T S T i S S R e
== D0 401I=1, NUMC :

S IF(ZU1)) 404404305 oo : ==
—_3 S DIVII)I=XA(I)/XB(I). _ N o __ _

= IF((ABS(DIV(I)= =1s0))eLE,0,05)- 60 T0 40= = s e



. NXASNXA+] . S

e WRITE(6491) [ oo ersie s e SR T T R e I
—--91 FORMAT(]12H SCRAP LINE ’IZ)
= A B A 1 R
——-40_CONTINUE . — S — e
= IF (NXACFQa NUMC) GO TO 220 ST e e e e e e e e e
D0 .50 I=1yNUMC ___ S ———
S IF(Z(1)) 50450988 - oeseeemme
.88. X?(I)-(XA(I)+XB(I))/4 O ______________
50 -CONTINUE -+ - st s
- WRITE(6 '41 1) Y
—411 FORMAT(5TH LINF»v:——"—

~w4_-WRITE(6.161) Ty THETR (1) s THETL (109 ZAIY O XHUL) GLAM(L) e
161 FORMAT(XXvI?.XX.Flo 6.xx 'F10e 6.x.F4 o.xxx Flo.a,xxxxxxx 12>;*_Tm_m,ﬁ
_200 CONTINUE R SRR i i ST e T
SimMS=(

=" sUmSS=0 === e e

_____DO.100.. I_J:NUMC

From this point the programme is identical with programme D.S.L.P.



PROGRAMME T.SQ,

== FASTTSGUARES PROGRaM =i iismes

€ YSAX4B=====-THETR=2C(XA) /360 +A

S REALTTR(G0) Y (40) s Z (40 EEE e B e T T
_P0 20 J=ls6__
EEE;E:KFAB(S’I) R

1 FORMAT(I4)

EmHEAD(By 1)) (Y(D) 1= e
]lTFDHMAT(HP10,4) o

SREAD(5921) (Z(MslzaN) e e e e e

_21_ FOHMAT(dFIU¢b)

= wRITE(6,12) i

12 FORMAT(20H Y Z_ )

P MaFLOAT () s = = e
e SY=0 _

e S = = = e
________SXA=0

Ve = == E e e e
DO 10 I=1sn_

e X (1) =21 /1R0e 00 i e =
e WRITE(6422) Y(I)oZ(I)

= P2 FORMAT(FI0a4sF1GaB) o =

SXASSXX+ (A([))##240

S Y =S AY (K LI Y I ))

SX=SX+X(])

= et ==

10 CONTINUE

Bz (SY#SXK-SA#SXYV/Z(MFESKX= (SK) #2024 g1

Az (M#SXY- S)&*SY)/(["‘*‘SXX-(SX)**Z )

=== WRITE(6e2) SAsBE==

2 _ForMAT(6n: A=z aF10.6/6H

=220 CONTINUES o
' sSTOP

EAND

T °
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PROGRAMIE TATEXP

VLATTICE EXPANSION OF CUBIC *ATERIALS MFASURED USING A BQADLEY o
(GOLDSCHMIDT) CAMERA . oL
"THETR ANC THETL ARE LINE POSITICAS ON RIGHT LEFT FILMS.
" ENKT ARE CALIBRATED KMNIFE EDGE ANGLES -;;%;;, S TR
ENK ARE KNIFEF EDGE POSITICNS
" FCR BOTH ENKT AND ENK NOS.1AND 2 ARE LOW AND HIGH ANGLES ON THE RIGH
_AND NOS.3 AND 4 ARE LOW AND HIGH ANGLES ON THE LEFT RESPECTIVELY
PROGRAM USES 4 LOW ANGLE LINE SHIFTS
REAL THETR (4912) yTHE TL(4,12) JENKT(4) yENK(4,12),T(12),SADD(12),
DXB{4312)y XZ{4y12),A0D(4,12), XA(4.12),MADD(12),ALPHA(12),SDELA(12),
DDELA(4,12),DEA(12),DEV(12),A(12)
FEET READUS,16) {ENKT(I)e1=1,4) . -
16 FORMAT(4F10.6€)
o WRITE(63141) (ENKT(I)sI=1,4)
141 FORMAT ( 25H CALIBRATED KNIFEEDGES
"~ 'READI5,191) NSYST - == .
191 FORMAT (I4)
i DO 40 K=1.NSYST ™
. WRITE{(6,201) “K”>,“
201 FORMAT (14H  SYSTEM
___ READI(5,181) NDATA
S2181 FORMAT (12) = :
READ(blel)_rrd#mn
L1151 FORMAT(.  Fl0.6) 5 ==
. WRITE(64401) AQ
401 FORMAT (6H AO= 4Fl0.6) = = rrimeme——mr
READ(5,171) ((THETR(I:J),I- _“mﬂ_;ﬁb
171 FORMAT (8F10.4). L s =
READ(J,lll) ((THFTL(I J),I 1,4),J 11NDATA)

i
1

is

U RN N NN

14F10.6)

READ(5,1) ((ENK(I;N
,,,,,, TITFORMAT(3F10.4)

'"‘;1i FORVATLLIZF6.0) oo
DO 10 J=1,NDATA

WRITE(65411) J

STRI1 FORMAT(LON FILM NOJ,12767H TLTNE™ -
' X8 "WBRAQG THETA |

_;g;fD(THETR(I JI=ENK(1,d) ) S ; ;
M_XB(I,J)—LNKT(3)+(((rNKT}4)-FNKT(3))/(ENK(4,J)-ENK(31J)))* f

' NRITE(O,IBU I,THETR(I:J)1THETL(I,J),XA(I,J!:XB(IvJ) XZ(I J)

o131 FORMAT(XX3I129XXF10.59XXsF 1046 9XX92F10469XXXyF10Da6) e
SADD(J)=SADD(J) +ADD(
CONT INUE o
MADD(J) = SADD(J)/4 o _
SIFUTLU)L.EQ.TH(LYY GO 'TO "17:°%
ALPHA( J)= MADD(J)/(T(J)-T(l)) B
TG0 TO 18 U EEE s ses T S e e s e T e e e
CALPHA(JI=0 . ]

WRITE(6,21) & "o mer naeam
FORMAT( 35H RDUM TEMPERATURE

A(J)=AQ={ 1. G+MADD(J)) = = =30 ¥
WRITE(65161) T(J) s ALPHA(J) 1AL J) s MADD( J) o
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161 FORMAT(5H T = 4F8.2419H DEG K , ALPHA = ,F12.8, TH A= ,FB8.6,
D27H ANGSTROMS  DILTA/AD = _4F12.8) L i
. SBELAUJ)=0 5l el iiiiln i
DO 30 I=144%
CDELA(I+J) =(ABS(ADD(I ,J)—MADD(J) ) )%%2,0
- SDELA(J)= SD:LA(J)+D_LA(I,J) - ) _
CCONT INUE o 3 e e
 1F(SDELA(J). EQ. o.) aU TO 32
TLTGO TO 33 CTLEEE LR
DEALJ)=0 3
WRITE(64211) DEA(J) - = i1+ T
FORMAT (27H  ERROR IN DELTA/AD
S IFIT(I)WEQ.T(LY) GO TO 10. =
'”DEV(J)—DEA(J)/T(J)
LU WRITE(6,43C1) DEVJ)
B 301 FORMAT( 23H ERROR
S5T10 CONTINUE - =i s
0 CONTINUE
2 _f:::STOP - I T E e A e S o e ET 2
END__ I e

IN




. :;‘.:1 =

2l
T SGOL=n DRI
DO 40 J 1 ,NR L L Ll
SG0L= CbUL+POLU(J)

PROGRAMME A15TC,

f-,nEAL CALG(q);TCuL(S),A1V(20)'AK(20)vGOLﬂ(20)
" READ(Zs1) NSETS

11

20

FORMAT(14)
READ(Ss11) (CALG(J)sJ= 1.:>,(TCAL(J>vJ 195)
FORAAT(10F844)
SC=sT=5CT=STT=S0L=0
e 20 J=145
SC=SC+CaLG(J)

ST=ST+«TCAL(Y)

SCT= SCT+(TCAL(J))*(CALG(J))

STT= STT+(TCAL(J))#*2 ]

CONTINUE o o
A= (S 0%SCT=ST#SCY /(5,085 TT=5Tw#42,0)
B=(STT#*SC=-ST#SCTY/ (6. '*”TT STﬁﬁz 0)
DO A0 K=145

DEL=ARTCAL(K)+B=CALG (K)

T DSL=(aBS(DEL) ) *#2, O

60

SDL=SrL+DSL S e
CONTINUE R L
DL=SDL/3,0 =

DLA= SuRr(Sou“dL/(S-u*STT ST**? o))

T DLB=SeRT((DL#*STTY / (5, o*’TT ~STusp,n))
WPITE(692) (TCAL (J) 2u= 1;5)9(CALG(J)$J 1-%)9AvH'DLA:DLB

D

"2 FORMAT(TH INPUT/aH T = +5F8, 3784 My =
FlOabedH B = JFl0.6/21H T DEG K vV MV

'WAK(J)‘FLOAT(K)

= 3Fl0,6/190 ERROR IN B = 4Fl0s6)
DO 30 J=1420 : : [P

+MGOL

K"'J 1 . ol _ 2Dl ,;.f.:, Clla el _.._'i..;,i o

CAMV(J)EgeARAK (J) e

30

40 e lalim
U MGOL= SuoL/(FLUAT(NR))
USpoL=g -

DO 50 J=]4NR P
TDGOL= Adb(bOLD(J)-VbOL)

USNOoL= CUOL+(JGUL)%*2 0 '3Tffffffffff*A“””'”*'

WRITE(6512) AK(J) 4AMV (J) T T
FORMAT( FBeZ AK,F6 ' 3) R
CONTINVUE e

DO 10 I=1e4NSETS

READ(S92]1) 7iR1 (G0LD (J) 9 J=1 NR) e e o

FORHAT(I4/?uF4 3) ‘

CONTINUE

CONTINUE
noLs= CUKT(SUOL/(FLOAT(NR)))

- THET‘\- (MGOL H) /A e e f,.'_t_w L ,~.. .«.“.. _,,...‘.l:..._;. »

ERD=ABS(DOLS/A)

TERB=ARS (DLH/A)

FRA-(AB&(MGUL-%)/((AHS(A))**: 0))#DLA

CUSHKZERD##2. G+ERA#S2, o+50u*¢2.n,-
DTHE=SWRT (SHK)
'WRITC(6~32) T2MGOLIDOLSy THETK yDTHE

32

FORMAT (181 SPECIMEN HOesI4/79H TC = LF8.6s12H
DEG .

oty 10H 0 MV, = 1F,6912H + OR = 1F8a6s11H

WRITE(6+42) (GOLD(J) sJ=19NR)

“42 FORMAT(25H THERMOCOUPLE READINGS /20F5,3)
10 CONTINUE . | I o
T Ll S TOP . — JI,‘ R A AR e et e e e e e e am - A an e e s

END -~ e

+

99E8:3/8H
/191 ERROR

OR

K

A

)
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- PROGRAMME _ ORDER,

COMMON TA(4),TR(4),SINT{4) ,RELA(3),AM(4)
READ(S,1) (TALI),I=1,34),(TB{I),1=1,%)
1 FORMAT(RF4.0)
AM{1)=8.0
AM(2)=24.0
AM(4)=6.0
DO 20 L=1,2
DO 20 NE=1,4% - }
IF{L.EQ.2.AND.NE.GT.2) GO TO 20
READIS,11) FX4FY,DFA,DFB,EFA,EFB
WRITE(64511) FX,FY,DFA,DF8,EFA,EFB
11 FORMAT{6F6.4)
FA=SQRT{{FX+DFA)%¥2.0+EFA%%2,0)
FB=SQRT{{FY+DFR)%%2 . 0+EFR%x%2.0)
IFINF.EQ.1) WRITE(6,22) -
IFINE.EQ.2) WRITE(6,32) , _ -
IF{NF.EQ.3) WRITF(6,42) L
- IF(NF.EQ.4) WRITE(6,52)

22 FORMAT {(17H Vv-SI SYSTEM
32 FORMAT {17H V-GA SYSTEM
42 FORMAT (17H NB-SN SYSTEM
52 FORMAT (174 NB-AL SYSTEM

"WRITE(642) R ‘ ' S _

2 FTUORMAT{25H , DISORDER //56H SA SB XA XB
D 1127116 1137116 1147116 1434 YA YB AA

..bs BB BA Y
o AA=T6.0 . T

.po 10 I=1,5

BB=26.0 S
DU 10 J: 1 ? 5 ‘ . ft.."...;_—'.,, LD L R T T T I

. B8=88-1.0 e

 AB=—1.0 , e S e

DN 10 K=1,5

AB=AB+1.0
_BA=-1.0 e
DO 10 M=1,5 S o
BA=BA+1.0 L o L .
IF(BA+AA.GT.75.0.71R.AB+B3.6GT.25.0) GO TO 10
_ XA=AA+AB e
XB=BA+88 ' B s S D R
SA=AA*4,.0/3.0-AB¥4.,0
SB=BB%4,0-8A%4.0/3.0
 YB=XB%10N.0/{ XA+XB)
CYA=XA%100.0/{ XA+XB)
DO 80 IA=1l,4
SINT(IA)={SA*FA-SBXFB)*{TA{TA)=3.0*%TB{TA) )} /4.0 +{(XA*FA+XB*FB)*
DITA(TA)+TR{IA))
80 CONTINUE
DO 90 IA=1,3
RELA(IA)-(ABS(SINT(IA)/S!VT(4 1)) %%2,0
RELA(IA)=RELATIAYSAMITA)/AM(4)
90 CONTINUE - '
WRITE(6,12) SA,SByXA,XB, ptLA(1),RELA(2),RELA(1!,YA YB,AA,AB,BB,BA
12 FORMATI4(2X,F4. o;.zx 3{FB8.442X)3612X,F4.01)) o
10 CONTINUE , ‘ i -
20 CONTINULC : e T .
STQOP
END

- - - -
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