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Characterization of Nb-Al Superconducting Material

Yoonsoon Im

ABSTRACT

The superconducting A15 phase formation in the Nb/Al binary system was studied
in order to provide a systematic approach toward achieving optimum processing conditions
for Nb/Al superconducting wires. A series of Nb/Al multi-layered thin-film samples was
made to simulate reactions in powder metallurgy (P/M) processed wires while a Nb-Al bulk
sample was made by an arc-welding technique to study reactions in the bulk. It was found
that the reactions in P/M wires and multi-layered thin-film samples were governed by
kinetics while those in the bulk sample were go{'emed by thermodynamics.

Using knowledge about the cfystal‘ structurés of the reacfed compound phases,
three reaction controlling mechanisms wére proposed to explain the sequence of phase for-
mation in Nb/Al multi-layered samples: the activation energy barrier for nucleation, the
energy barrier associated with short range order, and the diffusion barrier controlled
mechanism. The proposed reaction mechanisms were consistent with observations in P/M
processed wires.

The optimum Al/Nb layer configuration to avoid remaining Nb or NbyAl was
qualitatively calculated to be 1100A ~ 1260A for Nb and 290A ~ 330A for Al. The
average Nb filament thickness and the critical current densities of various superconducting
wires showed good correlation in spite of the differences in processing aﬁd the
microstructural inhomogeneity. It was shown that the critical current density of a

superconducting wire increased by improving its Nb/Al filament distribution.
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It is concluded that the critical current density of a Nb/Al superconducting wire can
be maximized if Nb and Al filaments are reduced to the optimum thickness range and

homogeneously distributed.
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I. INTRODUCTION

Superconductivity has two distinctive characteristics: the zero electrical resistance
and the exclusion of magnetic field inside the superconducting material in its
superconducting state. In 191_1, Kamerlingh Onnes first discovered the loss of electrical
resistance in mercury below some finite but low temperaturelll. A consequence of zero
resistivity is that everywhere within a superconductor the electric field E is zero. In 1933
Meissner and Ochsenfeld(?] were able to show that the magnetic induction B was also zero
inside the superconducting material. This is known as the Meissner effect.

Superconductivity appears below a temperature that is characteristic of each
superconductor; this is called the critical temperature T;. At T, the resistance drops
sharply to zero and remains zero at all temperatures below T.. Almost immediately after
the discovery of superconductivity, Onnes found that superconductivity was destroyed by
the passage of a transport current density greater than a certain critical value J.[3] or by the
application of an external magnetic field greater than a critical value Hc[4]. These three
parameters, T, H; and J., are interrellated forming a three-dimensional critical surface,
shown schematically in Fig. 1. The critical temperature and the critical magnetic field are
characteristic of the material. For a given temperature and field, for instance, the
conductor has a definite critical current density J.(T,H).

Superconductors are divided into two classes called type I and type II. An im-
portant difference between the two types is seen in the magnetization curve, a plot of -4nM,
where M is the magnetization inside the superconductor, as a function of the applied
magnetic field B,.

The magnetization curve for type I superconductors is shown in Fig. 2. Consider

applying a magnetic field to the superconductor by increasing B from zero toa value B,
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(=Ha) of magnitude less than the critical field. The result may be viewed as follows. The

time-varying magnetic flux induces a surface screening current in the superconductor via
Faraday's law. This current persists in the superconductor after the applied field has
reached a constant value B,, and (neglecting demagnetizing effects) produces a field -B,
inside the sample. The induced field -B, just cancels the applied field By, resulting in a net
magnetic induction of zero within the superconductor; this is called a complete Meissner
effect. When the applied magnetic field exceeds the critical value, the induced field
disappears and the material becomes normal.

The second class of superconductors, known as type II, exhibits a magnetization
curve of the kind shown in Fig. 3. At values of the applied magnetic field below a value
H¢1, the specimen (assumed to be a long cylinder parallel to B,) is superconducting, and
magnetic flux is completely excluded. The value Hc is called the lower critical field, and
is the value at which flux begins to penetrate the sample. For values of the applied field
between Hcl and the upper critical field Hcy, the flux density B is not zero within the
- superconductor and the Meissner effect is said to be incomplete. The sample is threaded
by flux lines and is said to be in the mixed state or the vortex state; this state contains both
superconducting and normal regions. Finally, when theb applied field exceeds Hp, the
sample becomes a normal conductor. All superconductors with critical fields large enough
to be of interest for practical applications are of type II.

More than 27 elements and a few thousands alloys and compounds have been
found to be superconducting(5]. Metals that are not superconductors are usually either

good electrical conductors at normal temperatures, such as the alkali and noble metals, or
| transition metals with strong magnetic moments. A number of transition-metal
dichalcogenides (e.g.,TaS,, NbSej) have a crystal structure composed of layers of

atoms(17]. These materials have rather low (T, <4 K) critical temperatures, but very high
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( about 15 Tesla) values of H¢o for magnetic fields oriented parallel to the plane of the
layers. The Chevrel phases are compounds of the type MMogX3g, where M is a metal
(e.g. Pb,Sn) and X is either S, Sn or Te. A well studied member of this group is
PbMogSg, with a T¢ of 12 ~ 15 K[18], The critical fields of some Chevrel compounds are
approaching 60 Tesla.

Among alloys of the transition metals (Nb-Til6], Nb-Zr(7], Mo-Rel8] etc.),
Nb3gTiep[?] may be presently the most widely used material for magnets. NbTi
superconducting wires are flexible enough to be wound into a magnet with a magnetic field
up to 8 Tesla. NbN, discovered in 1941[10], has a critical temperature of 15 K and an
upper critical field of 15 Tesla. The intermetallic compounds with the A15 structure, such
as Nb3Snll1], Nb3(A1,Ge)[12L(13]) Nb3All14] and Nb3Gell5LI16], are thought to be the
next generation materials for magnets with critical fields above 8 Tesla because of their
excellent superconducting properties.

After many years of search for superconductors with transition temperatures
significantly higher than 20 K, a literal explosion of success has occurred in past few
years. Beginning with the discovery by Bednorz and Miiller!19) of a 30 K transition in
Laj.xBaxCuO4.§, a rapid series of advances haS occurred culminating in recent reports by
Wu et al.[20]) Chu et al.[21], Tarascon et al.[22] and Zhongxian et al.[23] of an onset
temperature greater than 90 K in Y-Ba-Cu-O compounds. In spite of the continuous |
discovery and improvement of various 'high T.' oxide superconductors, it is not likely that
these compounds will be used for construction of high fields magnets in the near future due
to their inherently weak mechanical strength. Superconducting wires made from
‘conventional' metallic superconductors can endure the elastic strain caused by the Lorentz

force in large magnets; an important consideration for practical devices.
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Superconductors are employed in large-scale electrical devices mainly because they
can be constructed with extremely high overall current densities{24]. The critical current
density of the superconductor itself lies in the range 1010 ~ 1013 A/m2. These figures are
reduced by a factor of up to 10 for the overall current density in the conductor because of
the necessity of providing a normal conductor (Al or Cu) for stability, and reinforcement
(stainless steei) for mechanical strength. This current density compares very favorably
with the maximum allowable current density in force-cooled copper of 2 x 107 A/m2.
These high current densities allow the construction of smaller, lighter, and more compact
machines. Compactness is aided by the fact that the lack of power dissipation cdnsequent
upon the absence of electrical resistivity reduces the necessity for internal cooling. It is the
reduction in size that largely accounts for the economic attractiveness of superconducting
machinery, lowering capital, installation, maintenance, and running costs. The reduced
power requirements are an added attraction, though they must be balanced against the
power consumed by refrigeration.

It is obvious therefore that the most important requirement of a bulk superconductor
is that it be able to allow the highest possible current density. Because the superconductor
invariably operates in a high-field environment, due to the self-field of the current it is
carrying if to nothing else, a high value of the upper critical field Hey is essential. If the
conductor is to experience alternating currents, as it will in some of the transmission ‘line
proposals, or ripple fields, as may happen in some of the alternator designs, then ac losses
must be low. Resistance to radiation damage may be a requirement for superconductors in
controlled thermonuclear fusion reactor magnet applications. The superconductor must be
mechanically strong and able to withstand forces imposed by current and field (Lorentz
forces). It must be stable against flux jumps and sudden changes in current, field, or

temperature. It must also'be possible to fabricate the conductor in long lengths( i.e. greater

(W



Py

I INTRODUCTION : 5

than a few km). This means that at some stage during processing the conductor must be
ductile. Commercial availability of the chemical constituents is also important. And
finally, the cost must be kept as low as possible.

A1S5 superconductors, such as Nb3Sn, Nb3Al and Nb3(Al,Ge), are best qualified
for these requirements. Among these, Nb3Sn has been commercialized mainly because it
can be relatively easily fabricated into a long multi-filamentary wire. Nb3Al is another
candidate for high field superconductors. It has the A15 structure and an. upper critical
field of ~30 Teslas at 4.2 K, which is well above the values of the superconductors
currently in commercial use: Nb3Sn (H¢p = 24 Teslas), and NbTi ( Hep = 19 Teslas).

Nb3Al has a potential of carrying higher current densities in high magnetic fields
than Nb3Sn and NbTi. The superconducting properties of Nb3Al are known to be
improved by adding Ge, but the effect of Ge addition on the superconducting A15 phase

formation is not yet understood. The commercialization of Nb3Al (or Nb3(AlLGe)) has

" been delayed because of difficulty in fabrication and lack of understanding of

superconducting phase formation.



II. BACKGROUND

A. Basic Theory

(1) Penetration Depth and Coherence Length _

A supercondﬁctor exhibits zero resistivity at temperatures below the critical
temperature Tc. Even below T, however, the application of a sufficiently strong magnetic
field (H¢) or strong current density (J¢), will destroy the superconductivity. On cooling
below T, magnetic flux is expelled from a superconductor (Meissner effect), so that the
magnetic induction becomes equal to zero within the superconductof. The magnetic
induction does not fall abruptly to zero at the surface of the superconductor, but decreases
exponentially over a characteristic dista.nce, the penetration depth A, from the surface. The
London equation(25]

J=(Z;§i5)A
relates the current density J in a superconductor to the magnetic vector potential A. The

penetration depth Ay, is defined as

. : _ 5
A, 2 _ mc

L T anpg?

| {1}
for particles of mass m, charge q, and concentration p . The London theory is a "local"
theory in that the current density Jc(r) at the point ris determined by A(r), the value of the
vector potential at the same point r. For pure metal superconductors, the penetration depth
is typically SO0A. The flux is excluded by supercurrents that flow in the penetration layer
so as to produce a magnetic field within the superconductor that exactly cancels any

externally applied field.
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A similar effect occurs within the skin depth of a normally conducting metal when
subjected to a changing magnetic field, but once the field is held constant the normal
resistance causes the skin depth current to decay. In a superconductor the lack of
resistance allows the current to persist, and flux is permanently excluded from the bulk.
This, however, is not the complete explanation of the Meissner effect, since flux is
excluded whenever a superconductor goes from the normal to the superconducting state by
lowering the temperature in a constant épplied magnetic field. Herein lies the difference
between a superconductor, in which E = B = 0, and a perfect conductor, in which only E =
0.

Pippard[26] argued that an electron traveling from a normal region of a metal into a
superconducting region cannot change its wave function from that of the normal state to
that of the superconducting state abruptly, but that this change must take place over a
distance &, the "range of coherence”. Pippard estimated that £ = 1 um for pure metals.
He then proposed a "nonlocal” variation of the London theory, in which J.(r) is now
determined by the value of A averaged over a sphere of radius £ centered at r. A similar
situation exists for normal metals, e.g. in the anomalous skin effect, in which averaging
must take place over the normal electron mean free path /. In fact, later work on
superconductors showed that A increased and & decreased in a superconductor as the

normal electron mean free path decreased.

(2) Thermodynamics of Superconductivity
The Gibbs function of a magnetic system is give}r{lc by
| Gi(HD = G(0) - Y MaH
For a type I pure metal superconductor, between H=0and H=H;,B=0and M = - H.
Thus, |
Gs(h) = Gs(0) + 3 HoH2
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In the normal state, ignoring small diamagnetic or paramagnetic effects,
Gn(H) = Ga(0)
and at H, the Gibbs functions of the normal and superconducting states are equal:
Gn(0) = Gn(He) = Gs(H) = Gs(0) + 5 poHc?
or
AGas = Gn(0) - Gs(0) = 7 HoH2 - {2}

The Gibbs function of the superconducting state at zero field is lower than that of
the normal state by an amount % HoHc? per unit volume. This quantity is often referred to
as the superconducting condensation energy. In equation {2}, the magnetic properties of
the normal state have been ignored, it being assumed that the free energy of the normal state
is unaffected by any magnetic field. This assumption is reasonable at low fields since
superconductors in the normal state are either diaxhagnetic or paramagnetic, with very small
susceptibilities. These small susceptibilities, however, give rise to a very large effect as
the high critical fields, of the order of tens of teslas, found in some type II superconductors
are approached.

If the normal state has a susceptibility y, then in a magnetic field H the Gibbs
function per unit volume is changed by - il'tz. The high-field superconductors are based
on transition metal alloys or compounds, with a noneven number of electrons per atom.
They will, therefore, be paramagnetic rather than diamagnetic, and their susceptibility x
will be positive. In a magnetic field the Gibbs function of the normal state will be lowered
and there will be a field Hp given by

2xHp? = AGns
above which the normal state always has a lower Gibbs function than the superconducting

state in zero field. The Gibbs function of the superconducting state increases as a field is
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applied, and Hp thus, if it is lower than Hcy, represents the maximum field at which

superconductivity will persist.

(3) Ginzberg-Landau Theory |

The Ginzberg-Landau theory Was developed in 1950(27] to give a more adequate
description of the behavior of a superconductor in a magnetic field. The normal-to-
superconducting transition was thought of as an ordering process, describable in terms of
an order parameter y. In the normal state, y = 0; in the superconducting state y has a
value between O and 1. |y|2 represents the fraction of conduction electrons that are in the
superconducting momentum state, and are described by the single superconducting wave
function. In the fully superconducting state |y{2 = w = 1. In the presence of an externally
applied magnetic field, H, = B, / Ho, two extra terms are required. The first represents the
energy arising from the work done in expelling the magnetic field from the superconductor.
In addition, if there is a spatial variation in y within the superconductor, i.e. Vy # 0, then
the superelectrons are given a momentum -iiVy - eAy and an increase in kinetic energy
(1/2m) | - i Vy -2eAvy |2,

For the case of a superconductor that fills all the space to one side of the x=0 plane,
with a magnctic field along the z direction, independent of y and z coordinates, the
Ginzberg-Landau equation can be solved to yield

A(x) = A(0) e-Vr
from which
B(x) = By eV
where A = (m/4|y{2uye2)1/2 equal to the London penetration depth.
The Ginzberg-Landau equatiohs also predict the Meissner effect. Ginzberg-

Landau introduce a new parameter:

k=ME = 2T N2epoHo/fi 3}
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Superconducting and normal regions can exist side by side in the same piece of
metal. This happens, for instance, in a specimen with a nonzero demagnetization
coefficient at a field below H,, when the superconductor breaks up into a mixture of
superconducting and normal regions called the intermediate state. An extra energy term
must be assbciated with the boundaries between the normal and superconducting states.
This boundary energy, ons per unit area, can be estimated as follows: imagine two pieces
of identical superconductor, each with a large plane boundary, held some distance apart.
One is supposed to be in the normal state and penetrated by a magnetic field H, < H; the
other is in the superconducting state with H = 0. The two pieces are brought together so
that their plane faces are in contact along the plane x=0. Because y cannot change
abruptly, but now does so over a distance equal to &, this is equivalent to a volume
(superconductor area) X & becoming normal, and thus there is an increase in energy of
(1/2)poH2€ X area. At the same time the magnetic field penetrates into the
superconductor over a distance A, lowering the energy by an amount (1/2)puoH,2 X
area(Fig 4)[24]. The surface energy is therefore

ons =5 Ho(H2§ - HaZh) | {4}
For pure metals £ >> A, and the equation is often written
Ons = ;-p-OAHCZ
where A = 1.89¢ for x<<1 (i.e., £&>>A) using the Ginzberg-Landau equations. Much
more interesting is the result that for kx>>1, A = -A; i.e., the surface energy is negative.
The possibility of negative energy also follows from Eq. {4} when A > & Since a is
positive value of k at which o = 0. This is found, in the Ginzberg-Landau theory, to be

when x = 1/+42.

(4) The Upper Critical Field



I. BACKGROUND | 11

The consequences of a superconductor with x > 1/42 have been considered by
Abrikosov(28] in his theoretical paper published in 1957. He showed that for large x
superconductivity could exist up to a field, called the upper critical field, given by

Hep = \2xH, {5}
Referring back to Eq. {4}, it can be seen that for A > £ (x > 1), the surface energy is still
positive at low values of the external applied field H,, but goes negative as H, exceeds
H.(&/A)1/2 = H./(x)1/2, a value known as the lower critical field Hey. A more accurate
estimate by Abrikosov, forx >> 1, is
He1 =(H/AZx) (In x + 0.08)
Numerical calculations show this to be valid for x > 20.

When a superconductor with x > 1/42 is subjected to an externally applied field, it
shows a Meissner effect up to Hcy. At this field normal regions are nucleated at the
surface of the superconductor. The superconductor is now said to be in the mixed state.
As the external field is raised, more of these normal regions are nucleated; the induction B
within the superconductor rises, until their mutual repulsion makes it increasingly difficult
for more normal regions to enter. At some sufficiently hi'gh field the normal mgions are so
densely packe;i within the superconducltor that they begin to overlap and the normal state is
achieved. This field is the upper critical field H¢o given by Eq. {5}. Provided that the
motion of these normal regions is in no way hindered, reduction of the magnetic field
allows them to move back out of the superconductor. The magnetization and induction
curves, shown in Fig.'s 2 and 3, are reversible. Superconductors that show this behavior,
with x > 1/4/2, are type II, in contrast to type I with k < 1/\/5

The normal regions are continuous in the direction parallel to the field since flux
must be continuous, and these regions may be thought of as flexible rods of normal

material. The flux within one of these normal regions is quantized, as first suggested by
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London, into units of the flux quantum ¢, = (h /2e) (=2 x 10-15 Wb). It can be shown that
the énergy of one of these normal regions, or flux lines, is pfoportional to ®2 = n2¢02,
and it is therefore energetically favorable for a multiquanta flux line of n¢, to break up into
n single-quantum flux lines. The mixed state of a type II superconductor consists of a
lattice of single-quantum flux lines. Abrikosov originally postulated a square array; it is
now known from both theory and dirgct observation that the flux-line lattice is a triangular
array (Fig. 5) Each flux line may be regarded as having a core of normal electrons, £ in
diameter, the flux quantum being supported by circulating supercurrents that decay over a
radius A from the core (Fig. 6). The magnetic induction in the mixed state B is n¢,, where

n is the area density (number crossing unit area normal to B) of flux lines.

(5) Some results of the BCS Theory

' In most sﬁpcrconductors, the attractive interaction between the members of a pair is
via the intermediary of a phonon, the quantum of lattice vibration. Superconductors are
those materials in which the electron-phonon interaction is strong; it is for this reason that
superconductors have lower electrical conductivity in the normal state than most
nonsuperconductors since the largest contribution to normal resistivity is from scattering by
phonons.

The theory of Bardeen, Cooper and Schriefer (BCS theory) assumes that the
interaction potential V is constant and isotropic for all electrons within the Cooper shell and
zero for all other electrons. The condensation of electrons into Cooper pairs causes an
alteration of the energy levels near the Fermi sﬁrface in the éuperconducting state, leading
to an energy gap Eg between the ground state of the superconductor and the lowest excited
state (Fig. 7). The energy gap Eg is the binding energy of a Cooper pair in which two
electrons occupy states of opposite wave vector and spin. One may show(30] that the

energy gap Eg(0) and the gap parameter A(0), both at 0 K, are given by
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Eg(0) = 2A(0) = 3.52 kg T,

(6) Theories of Flux Pinning

The most important parameter of a superconductor that is to be used in a magnet of
large-scale device is the critical current density Jc.' It is the high values of current density
that make the employment of superconductors instead of conventional conductors an
attractive proposition.

Silsbeel31] hypothesized that the critical current in a type I superconductor is that
current which just produces the critical field at the surface of the superconductor. The
critical current is reduced by the application of an external field since the field it now has to
produce is the difference between the critical field and the applied field. the critical
currents of type II superconductors below H. agree with the Silsbee hypothesis, with H |
replaced by H¢j, but above H¢ they are much lower than would be expected by inserting
H¢y in the Silsbee rule, and the variation with an applied field can be quite complicated.
For fully reversible type II superconductors the critical current above Hc is practically
zero.

Flux lines in the mixed state of a type II superconductor experience a Lorentz force
FL whenever a current flows in the superconductor, given by

Fi (vj = J x B per unit volume of superconductor
where J is the current density and B the flux density (= n ¢4, where n is the number of flux
lines per unit area). The force acts in a direction normal to both the flux lines and the
current. Unless otherwise prevented, the flux lines will move in the direction of this force,
and in so doing induce an electric field E = V x B where V is the velocity of the flux lines;
the superéonductor now shows an induced resistance whose value approaches that of the

normal state resistance as B gets close to poHca.
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The critical current is that current which just produces a detectable voltage across
the specimen, and is therefore that current which first causes the flux lines to move. If
there is no hindrance to the motion of flux lines, then the critical current above H is zero
and the superconductor is "reversible". It is possible to "pin" flux lines and prevent them
from moving by interaction with microstructural features of the material, and a pinning
force Fp is exerted on the flux lines that opposes the Lorentz force. The critical current
density J¢ is determined by the magnitude of the pinning force:

Jc x B = Fp(v) per unit volume

Pinning is due to crystal lattice defects, such as dislocations found in heavily cold-
worked materials, grain boundaries, impurities, or precipitates of a second phase. Flux
lines interact with pinning centers because the superconducting properties of the latter differ
from those of the bulk of the superconductor. The strength of the interaction is related to
the magnitude of this difference. Strong pinning materials are metallurgically dirty and by
analogy with mechanically strong or magnetically hard materials, irreversible
superconductors are called hard superconductors. The critical current is not a property of a
particular composition, but of a particular sample of superconductor, and is strongly
influenced by the sample's metallurgical history; just as for mechanical strength, its value

cannot be predicted with any accuracy.

A problem essential to the proper understanding of flux pinning in practical.

materials lies in explaining the difference in behavior between the two materials, NbTi and
Nb3Sn, commonly available as commercial superconductors. Both materials have similar
values of x, namely about 20 ~ 40. Their microstructures are on a comparable scale. The

cell size in NbTi is in the range 25 ~ 100 nm; the grain size in Nb3Sn lies in the range 20 ~

100 nm. In both cases precipitation may be present in the boundaries. Despite these |

similarities, the flux-pining behavior is very different.
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NbTi is a ductile bee alloy. It is processed by the conventional metallurgical
techniques of extrusion and drawing, to fine wire. Pinning is due to dislocation cell
structures of subgrain boundaries, reinforced by precipitation of o titanium. The scaling
law for the pinning forces is very close to Be2 b(1-b) for a wide range of compositions(32]
where b is the reduced induction (=B/puyHcs). Nb3Sn is a brittle intefmetallic compound
with the A15 crystal structure. Pinning in this material is attributed to grain boundaries,
and the pinning strength is inversely proportional to the grain diameter. The scaling law
for a wide range of Nb3Sn materials produced by the bronze process or its variations is
very close to B¢33/2 b1/2 (1-b)2 [33],

Fp o< b(1-b), with a maximum at b = 0.5, is often said to be indicative of a 'pin-
breaking' mechanism because many types of interactions between individual flux lines and
strong pinning centers can be shown theoretically to have a field variation of the form b(1-
b), and because pins must be broken before flux can move. The shear modulus Cgg for
the flux-line lattice at high fields is o< (1-b)2 [341(35], and the proportionality Fj, o< b1/2(1-
b)2, with a maximum b = 0.2, is described as being due to 'pin avoidance' by a flux-lattice
shearing mechanism(36]. At high fields, b(1-b) is always larger than b1/2(1-b)2. If the
former type of pinning behavior could be induced in Nb3Sn, with a critical field about
twice that of NbTi, this would lead to an extremely valuable advance in magnet design,

with superconducting magnets readily producing 20 Tesla(37].

B. Metallurgy of A15 Superconductors

(1) Structure
A1S structure, shown in Fig. 8, is crystallographically classified as the Cr3Si
structure. [t has a primitive cubic cell of cight atoms and belongs to the space group Op3-

Pm3n. The cubic unit cell has six A atoms at O > 11O 0%}‘—, —O—, 13O O;i, nd
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two B atoms at 000, %—;—;— . The conspiéuous feature of the A1S5 structure is the chains of
A atoms parallel to the 3 (100) directions. The interatomic spacing along these chains is 10
~ 15 % less than the distance of closest approach in a pﬁre A crystal.

At least 46 of the 76 known A15 compounds are superconductors. It generally
occurs, with some exceptions, close to the A3B stoichiometric ratio. The A atoms are
group IV-A, V-A and VI-A transition metals Ti, Zr, V, Nb, Ta, Cr, Mo and W; the B
atoms come mainly from periodic groups III-B and IV-B, and the precious metals Os, Ir,
Pt and Au.

The A1S5 structure requires that the radius ratio, based on the Goldschmidt CN 12
radii of the constituent atoms, must be close to unity(38]. The tendency of A element to
form the A15 phase is found to decrease in the order V, Nb, Cr, Ti, Mo, Zr, Ta, W and
Hf. The radius ratio ra/rg, expressed in terms of the Goldschmidt CN 12 radii, lies
between 0.84 and 1.12, with a most probable value of 0.94. The electron-to-atom ratio
(e/a) influences the composition at which the A15 phase is most likely to occur, the most
probable values of the ratio being 4.75 or 7.0.

The A15 phases usually exist over a range of composition. The homogeneity
range often includes the composition at high temperatures, but falls to the A-rich side at
lower temperatures. Several compounds do not form the ideal composition ratio at any

temperature range.

(2) Physical Metallurgy

Only 6 of the superconducting A15 compounds are of actual or potential interest as
conductors on the basis of their superconducting properties. V3Si, V3Ga and Nb3Sn have
a range of homogeneity that includes the stoichiometric A3B composition. Maximum T is
readily obtainable in bulk samples of these compounds. Nb3Al and Nb3Ga include the

ideal stoichiometric composition only at temperatures so high that thermal disorder is
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excessive. Nb3Ge does not exist in equilibrium at the stoicﬁiometric ratio. These last
three compounds,— all with potentially higher values of T and H¢, than the first three,
normally contain excess Nb and their T¢'s are, as a consequence, degraded from the
optimum values.

Hanak et al.[39] were the first to suggest that T, could be affected by long-range
crystallographic order (LRO) in the Nb3Sn compound. Reed et al.[90] suggested that it
was most deleterious to have Sn atoms in the Nb sites and that it was important not to
disrupt the continuity of chains of Nb atoms along the (100) direction. An extensive
determination of the effect of LRO on T of 26 binary A15 compounds was carried out by
Blaugher et al.[41].  They showed that for compounds in which the B atom is not a
transition element, T, is maximized when all the A atoms are on A sites, All the B atoms are
on B sites, and the LRO parameter St approaches 1. When the B atom is a transition
element, the compounds do not have the same sensitivity to ordering. The effects of
composition upon T¢ can not be unambiguously separated from those of LRO, as it is not
possible to have S = 1 unless the composition of the compound corresponds to the ideal 3:1
ratio. S decreases automatically with any depérture from stoichiometry.

A third element added to the AlS structure may substitute for the A element,
substitute for the B element or form a pseudobinary (a mixture of A3B and A'3B’) with
either A = A'or B =B'". In the typical A15 compounds, the substitution of an A atom by a
third element, even one in the same periodic group, invariably results in a decrease in T.
Thus, once again, the importance of A-chain integrity in conferring a high T. on the

material is highlighted. The substitution of some of the B atoms by a third element is

t The positions of the atoms in the unit cell can be described by the Bragg-Williams long
range order parameter S = ( P-r) /(1 -r), where 0 <S < 1, P is the probability of an A site
being occupied by an A atom, and r is the fraction of A atoms in the binary alloy.
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usually not so deterrent, and may even result in a slight increase in T¢. The addition of a
third element may enable a closer approach to perfect stoichiometry or perfect LRO.
Neither Nb3Ge nor Nb3Al can be formed at the stoichiometric composition in the bulk.
However, at compositions close to Nb3(Alg.gGeg 2), the perfect stoichiometry can bé just
achieved at high temperatures in the Nb-Al-Ge ternary system. Subsequent heat treatment
produces specimens with critical temperatures close to 21 K(121,

The A15 compounds are 'dirty’ type II superconductors in that their BCS coherence

length &, is very much greater than their normal mean free path | 421, The upper critical -

fields of the A15 compounds are a few tens of Teslas. Because of the high fields
involved, direct measurement of H¢s at temperatures well below T, is difficult, and Hc2(0)
is often calculated from other data. Low-field, high-temperature (near to T¢) data can be
extrapolated to give Hc2(0), as follows .
Hea(0) = - 0.693 T | S0 rn

Using the above equation ignores the possibility of paramagnetic limitation of the
upper critical field. If a compound is strongly paramagnetic in the normal state, then
superconductivity is unlikely to exist beyond a field Hp(0) given by

Hp(0) = 1.84 T¢

For the two vanadium-based compounds V3Ga and V3Si and for the ternary
Nb3(Alg,7Geo.3), Hp(0) is less than H¢2(0), and these compounds are expected to be
paramagnetically limited. For other compounds, Hy(0) is greater than Hc2(0) by 2~4
Teslas. The effect of electron spin-flip scattering process is to increase the paramagnetism
of the superconducting state and counteract the limiting effect of normal-state
paramagnetism.

Little can be done to raise the upper critical field of A15 compounds by Vthe

manipulation of the normal-state resistivity. Because of their intrinsic brittleness, they
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cannot be deformed as can the ductile alloys. The addition of alloying elements or
impurities in sufficient quantities to have significant effect on the normal-state resistivity
will almost certainly result in a reduction in T;. Radiation damage can produce an initial
increase in H¢a through an increase in the normal-state resistance, but this is ultimately
counteracted by the drastic decrease in T¢. It is suggested that T, is the most important
factor in determining Hc> and a significant increase in H¢a can only b’e achieved by an
increase in Tc[24].

The excellent critical current densities in A15 compound superconductors are
attributed to the defects that pin flux lines such as precipitates, grain boundaries, and
radiation-induced defects. The effect of precipitates on J. is not clearly understood. The
precipifates themselves may act as flux-pinning centers, or they may cause grain
refinement, which gives rise to higher Jo values. Nembach and Tachikawal43] and
Nembach[44] showed that precipitates in V3Ga and Nb3Sn refine grain size and increase J.
J¢ is raised when precipitates are introduced into Nb3Sn. Flux pinning in Nb3Ge prepared
by chemical vapor deposition is attributed to precipitates of the NbsGe3 phase(45L.(46], Tt is
believed that maximum flux pinning is obtained with precipitates ~ S0A in diameter at a
spacing of ~ 200A. This is on a finer scale than the most effective grain size, ~ 800A.

It has been shown that the J. of Nb3Sn superconductors increased by grain
refinement(47)~(50),  The current density increases linearly with decreasing grain size,
reaching a méximum value at a grain diameter ~ 8OOA, and then decreases. The
microstructure of Nb3Sn wires are such that the grains are elongated in the direction parallel
to the Lorentz force (Fig. 9), resulting in the 'pin avoidance' mechanism with the flux
pinning force Fp o< bl/2(1-b)2. In the case of NbjAl, the grains are elongated in the

direction normal to the Lorentz force (Fig. 10), making the flux lines more difficult to
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shear. Itis more likely that, in Nb3Al, the flux pinning force may be proportional to b(1-
b) as in the case of NbTi, which is always larger than b1/2(1-b)2 at high fields.

As with the upper critical field, many of the practices that can be used to enhance J;
in ductile alloys, such as alloying, deformation, and irradiation, cannot be readily applied to
the A15 compounds because of the greater degradation of T.. The compounds must be
prepared in such a manner as to give the smallest possible grain size, or to induce a fine

dispersion of a second phase, in order to maximize J.

(3) Fabrication of Nb3Al Superconductors

Of the many known superconducting A15 compounds, only two, V3Ga and
Nb3Sn, have been developed as commercial conductors. The necessity of using high
reaction temperatures, combined with the inherent brittleness of the A15 compounds, put
severe limitations on the manufacture and use of these conductors. Some of the problems
were overcome using the "wind and react” technique; the conductors were first wound into
a solenoid and then converted to the A15 superconducting compounds by heat treatment of
the entire solenoid. However, these early 'wind and react' A15 wire conductors were
unacceptable commercially since they suffered from severe flux jumping and damage
during quenching to the normal state. |

Toward the latter half of the 1960s it was shown both theoretically and
experimentally that flux jumping is absent in superconductors that are less than about 50um
in diameter(511(52],  This work provided the incentive for Kauffman and Pickett(53]
(Nb3Sn) and Tachikawa and Tanakal541(55] (V3Ga) to develop a solid state diffusion
technique that eventually led to the commercial production of fine-filament A15 conductors.
Even though a number of manufacturing techniques(56]-(64] have been developed for
laboratory use of commercial application, only powder metallurgical(651(66] and jelly-

roll(67] techniques have been successful for Nb3Al.



II. BACKGROUND 21

A powder metallurgy (P/M) technique has been widely investigated as a possible
processing method of Nb3Al superconductors(68]-[74], In this technique, elemental
powders of Nb and Al are mixed and compacted into a monel tube, swaged and drawn into
a fine wire (Fig. 11). The wire is then heat treated to form the superconducting A15
phase. Since the A15 compound is brittle, only very limited plastic deformation is
possible after the phase is formed.

The superconducting properties of P/M processed wires are affected by parameters
such as area reduction ratio (R), starting Nb and Al powder size and shape, overall |
composition and heat treatment conditions. Using larger powder sizes ensures better
drawing because of smaller surface-oxidation to volume ratio, but creates less Nb/Al
interface for the same reduction ratib, resulting in less A15 phase formation. Because the
A15 phase is believed to form only in the vicinity of the Nb/Al interface during heat
treatments, the wires are made with extremely high area reductions in order to increase the
amount of Nb/Al interface(711(72],

A heat treatment at high temperatures improves the stoichiometry of the A15 phase
(higher T & H¢) but resﬁlts in the excessive grain growth (lower J¢). A lower temperature
heat treatment has the opposite effect. It has been reported that heat treatments between
900°C ~ 1100°C result in best superconducting properties’11190], The long range order of
the A15 phase is optimized by an additional annealing heat treatment at 700 ~ 750°C.

The superconducting Nb3Al is not the only stable ‘phase in the Nb/Al system. The
Nb/Al equilibrium phase diagram(75] indicates that NbyAl and NbAlj3 can also be stable at
the reaction temperature range (Fig. 12). Because NbpAl, NbAl3 and remaining Nb are
not useful superconductors, they reduce the effective cross-section of the superconducting

wire, lowering the critical current density.

(4) Addition of a Third Element to Nb/Al Material System
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There are three possibilities of thermodynamic stabilities of the A15 phase with
respect to other Nb,-Xp phases (%< 3) as illustrated in Fig. 13(24], In the case of Nb-Al
system, the tetragonal Nb,Al phase is more stable than the superconducting Nb3Al phase.
Because the Gibbs free energy AG of NbjyAl is lower than that of Nb3Al, the composition

range of the A1l5 phase is restricted to the Nb-rich side and the formation of the

stoichiometric Nb3Al is prevented.

Addition of a third element (Si, Ge) creates a miscibility gap between NboAl and . .

Nb3Al which allows the A15 phase boundary to advance to the stoichiometric composition
at the appropriate Al-to-Ge (or Si) ratio. As yet, the factors that influence phase stability
are insufficiently understood and thus little progress has been made in achieving the proper

processing conditions.

(5)Thin Film Study of Nb3Al

The A 15 superconducting phase is believed to form only in the vicinity of Nb/Al
interface. In P/M wires, the Nb and Al powders are drawn into thin filaments forming
alternating layers of Nb and Al, which are very inhomogeneously distributed. Therefore,
P/M wires are not suitable for studying reactions at the Nb/Al interface. The reactions in
the bulk(761-78] or thin films made by liquid-quenching(79)-82], co-sputtering(83] or laser
beam irradiation(841(85] technique have been extensively studied, but they do not represent
those in the P/M wire. In those samples, the A15 phase forms from the supersaturated bcc
Nb-Al solid solution. The reactions at the Nb/Al interface can be better simulated using
Nb/Al multi-layered samples with uniform layers of known thickness. Bormann et al.
studied the effect of Nb/Al layer thickness on the reactions using multi-layered Nb/Al
samples by an X-ray diffraction technique(86]. Since their work was based solely on

indirect observations, the results yielded no microstructural information about the reactions.
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A transmission electron microscopy study on these multi-layered samples would provide

direct information about the reactions at the Nb/Al interface.
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III. OBJECTIVES

Magnetically confined plasma fusion reactors will be operated under very high
magnetic fields. Superconductors are considered to be more economical than normal con-
ductors mainly because they can be cons‘tructed with extremely high current densities. The
conductors must be mechanically strong enough to withstand the Lorentz forces at the high
fields. The A135 superconductors are best qualified for these requirements.

Among the few A15 superconducting compounds that are of actual or potential
interest as high field superconductors, only two, V3Ga and Nb3Sn, have been developed
commercially. Nb3Al has been widely studied because of its superior superconducting
properties and is considered as one of the candidates to replace Nb3Sn. Although a
substantial amount of processing and property data has been obtained in the past decade, a
comprehensive understanding of the processing-microstructure-property relationship for
Nb3Al has been lacking.

Nb3Al superconducting wires have been made by a powder metallurgical or a jelly-
roll technique. The critical current density of a powder metallurgy processed wire is
determined by the volume fraction, grain morphology, long range order and stoichiometry
of the A15 phase. The stoichiometry, long range order and grain morphology have been

extensively studied to obtain the optimum processing conditions.

The critical current density of the wire is also affected by the amount of the

superconducting Nb3Al phase. The microstructure of a reacted P/M wire is composéd of
three different phases: the superconducting Nb3Al, the tetragonal NbjAl phase and Nb
which remained after reaction. It is believed that Nb3Al forms only at the vicinity of the

Nb/Al interface during heat treatments. But the reaction mechanism at the Nb/Al interface

o
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has not been understood. It is not yet known how to suppress the formation of NbyAl
kinetically by manipulating the microstructure.

It has been known that an additibn of third elements (Ge, Si) allows the
stoichiometric A15 compound to form at the appropriate Al-to-Ge (or Si) ratio. But, it
would be logical to study the relationship of the microstructure and reactions in the binary
Nb-Al system before advancing to a ternary system (Nb-Al-Ge, Nb-Al-Si) which is more
complicated than the binary one.

The purpose of this research is to develop a systematic approach toward achieving
optimum processing conditions for Nb3Al superconducting wires by understanding
reaction mechanisms in the binary Nb-Al system. The fundamental information thus
obtained may be used as a stepping stone to more complicated material systems. The
relationships between processing, microstructure and properties of the P/M processed

Nb/Al wires will also be discussed using various types of samples and techniques.
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IV. EXPERIMENTAL APPROACH

Nb/Al superconducting wires made by a powder metallurgy (P/M) technique were
used to characterize the microstructures with relation to their superconducting properties
and processing conditions. The P/M processed wires, however, are not adequate to
monitor reactions at the Nb/Al interface because of fheir inhomogeneous morphology.
Nb/Al multi-layered samples with uniform layers of known thickness and distribufion are
better for studying reaction mechanisms at the Nb/Al interface. A bulk sample was also

made as a reference to compare reactions at the interface with those in the bulk.

(1) Powder Metallurgy Processed Wire Samples

Niobium powders of 65 Hm size and aluminum powders of 20 um size were used.
The chemical composition of wires was 3 ~ 5 weight % Al. A set of wire samples was
made using 65 pum Nb powders which were coated with 5 weight % Al in total. Various
area reduction ratios (R) with the maximum of 10,000 were obtained by stopping drawing

at successive stages. The details of wire processing are explained elsewhere[68],

(2) Multi-layered Samples

Two sets of Nb/Al thin film multi-layered samples were made by sputtering Nb and
Al alternatively on Nb, Si wafer and quartz substrates. A custom-built magnetron
sputtering machine with separate 4' diameter source targets of 99.9% purity Al and Nb
were used for the experiment. The basic vacuum of 10-7 Torr and an Ar pressure of 0.002
Torr was used. The distance between the sample and the source target was 100 mm. The
sputtered thickness ratios of Nb and Al layers were intended to correspond to the proper

stoichiometry of the superconducting phase. One set of the thin films was coated with 20

» 8
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pairs of 300A Nb/90A Al layers, and the other with 10 pairs of 1000A Nb/300A Al layers.
A similar layer configurations were used by Bormann et al. in their X-ray diffraction
study/(861,

Samples with thicker layers were prepared using a cold-rolling technique. Several
Nb plates were polished and cleaned before Al was coated in a vacuum chamber. The
thickness of the Al-coat was controlled by varying coating time at constant current. The
Al-coated Nb plates were then stacked and cold-rolled into a multi-layered tape or ribbon.
This procedure is illustrated in Fig. 14. The whole stack of Nb plates was placed in an Al
tube before cold-rolling in order to ensure bonding between Al-coated Nb plates and to
protect the sample from oxidation during heat treatments. It was not possible to control the
Al thickness precisely in this way, but it was a straightforward method of producing

Nb/AUND layers with Al layers of a few hundred A to several um thickness.

(3) Bulk Nb-Al Sample

A Nb-Al bulk sample was made by plasma welding Nb and Al plates in a isolated
chamber. The chamber was mechanically pumped to 10-3 Torr and then a continuous flow
of 99.9% Ar gas was introduced during welding. The molten Nb-Al mixture was rapidly
solidified on the remaining Nb plate which did not melt during welding, producing a very

inhomogeneous morphology and composition gradient throughout the sample.

All samples were heat treated at temperature ranges between 300°C ~ 900°C for
various iengths of time in a quartz tube. The quartz tube was first pumped down to 106
Torr and then back-filled with 99.9% Ar. The samples were characterized using a variety
of techniques.  X-ray diffractometry, differential scanning calorimetry, optical

microscopy, S.E.M. and T.EM. With the convergent beam micro-diffraction and the
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energy dispersive X-ray spectroscopy capabilities were employed to study the

microstructures and to identify compounds.

A. TEM Sample Preparation

(1) Chemical Thinning Technique

A special chemical thinning technique was developed to make longitudinal TEM
samples of thin wire samples whose diameter was és small as 10 mil (254 ym). A 6 mm-
long wire sample was ground down on a 340-mesh abrasive paper until its thickness was
less than 2 mil (51 um). Then the sample was polished on a 600-mesh abrasive paper. A
rubber bottle plug served as a good sample holder for grinding the small wire sample. The
sample was cut to two pieces and pasted with silver epoxy on a 3 mm Cu disc grid. After
the epoxy was hardened at 70°C for several hours, the Cu grid was clampéd using a sharp-
point tweezer and an enamel coat was applied on both the grid and the tip of the tweezer
except for the wire region so that only the sample would be electropolished during chemical
thinning (Fig. 15). |

A least two different chemical solutions have been suggested for polishing Nb or
Nb-based alloys. Kestel(87]) developed a jet electropolishing solution, designated BK-1,
which was prepared by mixing S00 ml CH30H, 100 ml butyl cellosolve, 90 ml HpSOg,
and 30 ml HF. Schober and Sorajic[88] developed a noncorrosive electrolyte for
electropolishing Nb for TEM. They used the electrolyte of 0.05 mol/liter Mg(ClO4)3 in
CH30H with the following conditions for best results: (Samples: 3 mm Nb discs, 25 pm
thick)

Electrolyte: 0.05 mol/liter Mg(ClO4); in CH30H
Voltage: 50~70V o

Bath temperature: - 5°C
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Flow rate: medium
Polishing time: ~ 30 sec.
Total current: ~ 90 mA

Since the wire samples were too small to make a 3 mm disk, the jet polishing
solution could not be used. An alternative chemical thinning method was developed for
the small wire sample. A beaker containing about 50 ml electrolyte was cooled by iced
water while the electrolyte was gently agitated by a magnetic stirrer. A 5 mm x 15 mm fine
net made by stainless stee! was used for the cathode electrode, and the anode was directly
connected to the tweezer which clamped the sample. The chemical thinning apparatus is
shown in Fig. 16. The condition which gave best results for small wire samples is
described below:

Electrolyte: 0.1 mol/liter Mg(ClO4)2 in CH30H
Voltagé: 30~-33V

Bath temperature: 0°C

Flow rate: slow

Polishing fimei 3 ~ 5 sec.

The polishing time was a critical factor: the sample must be quickly removed from
the electrolyte as soon as it perforated. A viscous layer formed on the sample surface was
easily removed by washing in a running water for 20 seconds and cleaning with CH30H.
The surface of the electropolished sample was mirror-smooth and an additional ion-mill
was not necessary. Finally the enamel coat on the sample was removed by acetone. The
stainless steel electrode was regularly cleaned in acetone for a better result. The shelf-life
of the Mg(ClO4); solution was at least a few months.

Transverse TEM samples were made using a different technique which is explained

in section (B).
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(2) Mechanical Technique: Dimpling and Ion-milling

The structure and chemistry of thin films are best studied by TEM when they are
viewed in cross-section. A technique for TEM sample preparation that can be viewed in
cross-section has been developed for silicon-based materials(89).

Cross-sectional TEM samples of sputtered Nb/Al multi-layered samples were made
in a similar way. A sputtered sample sheet was cut into pieces which were 2.2 mm wide
and 15 mm long by a diamond saw. Two pieces were then glued together with "Devcon
2-ton epoxy"” so that multi-layer sides faced each other. It was critical to minimize the
thickness of the glue layer using a small vise in this stage. The "M-Bond 610 Adhesive",
used by Bravman et al.189] for Si-based materials, did not give good results for samples
with the Nb substrate because it ion-milled faster than Nb. When the epoxy hardened, the
sample was put into a brass tube (2.8 mm ID, 3 mm OD, 20 mm long) and the gap was
filled with epoxy. After the epoxy hardened, the tube was sliced into 0.5 mm-thick discs
by the diamond saw. As many as 10 ~ 15 discs could be made from one tube. The brass
tube (or ring) provided extra strength and safety in handling samples for the following
stages. The procedure is illustrated in Fig. 17.

At this point, the procéss of thinning began. The thinning and the dimpling were
done using a dimpler!. A sample disc was mounted on a sample holder of the dimpler
using "Crystal-Bond2" wax which has a good strength and a low melting temperature.
The sample was mechanically ground by hand on a 340-grit sand paper until its thickness
was approximately 3 mil (100 um). In order to control the sample thickness, a piece of 3
mil-thick self-adhesive tape was put on ﬁear each side of the sample before grinding started:

the grinding stopped when the tape started to wear away. The sample was then polished

! Dimpler: Model D500 made by VCR Group, San Fransisco, CA 94312
2 Crystal Bond: Ramco Products, P.O.Box 429 Ossining, NY 10562
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flat using a flattening wheel. A well-polished surface was obtained using the "Cyton3"
solution.

When one side of the sample was polished to the mirror-surface, a 3 mm oval Cu
grid was glued on it using the "Devcon 2-ton epoxy". The epoxy was cured at room
temperature for 24 hours. Curing at higher temperatures in this stage was not desirable:
the viscosity of the epoxy became so low before hardening that the surface tension of the
epoxy displaced the Cu disc. After the epoxy was hardened, the sample was removed
from the holder on a hot plate. Remaining wax on the sample surface was removed by
soaking the sample in acetone. The sample was then remounted on the holder with the
polished side down this time.

At this point, the processing of dimpling began. By dimpling, the outer
perimeter of the disc remains thick, but the center is thinned with a concave impression.
The sample was dimpled until the center was thinner than 20 pm. The dimple-depth
measurement by a micrometer gauge attached to the dimpler was not dependable because of |
a layer of crystal bond wax between the sample and the holder. In this experiment, the
dimple-depth was determined by measuring the diameter of the dimple. The conversion
between the dimple-depth and the dimple-diameter was plotted on a graph for convenience
(Fig. 18). The dimpled surface was polished with the "Cyton" solution. Finally the
sample was removed from the holder as explained previously.

Prior to ion milling, the sample was cleaned by soaking in acetone once again. The
sample was ion milled from both sides. During milling, the sample was force-cooled by
liquid-nitrogen cold-trap. The following milling conditions gave good results:

6 KV, 18°, 1.0 mA until perforation followed by 4 KV, 12°, 0.4 mA for 2 hrs.

3 Cyton: VCR Group, San Fransisco, CA 94312
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The transverse TEM sample of wires were prepared using a similar technique. A
15 mm long wire sample was put into a 3 mm OD brass tube and the gap was filled with
epoxy. When the epoxy was hardened, the tube was sliced to 0.5 mm thick discs and
ground, dimpled and ion-milled the same way as the multi-layered samples. The same
technique was used to make TEM samples out of the bulk Nb-Al material. The bulk was
sliced with 0.5 mm thickness by a diamond saw, ground by hand on a sand paper, dimpled

andrion-milled

B. Optical and SEM Sample Preparation

Samples were ground flat by hand on 600-mesh sand paper, and polished on a
"Buehler" polishing wheel using 1pm and 0.3 um Al,O3 powder abrasives. When
mirror-surface was obtained, the sample was chemically etched to reveal the
microstructure. A mixture of HNO3, HF and/or HpSO4 was used as described below.

* Chemical Polishing Solution for Nb-based materials: 2 ~ 3 seconds at 0°C

HySO4 (1.84) 50 HF (40%) 20
HNO3 (1.40) 20 or HNOj (1.40) 20
HF  (40%) 20 H,O 20

C. Indexing Microdiffraction Patterns Obtained by TEM
The crystal structures and the lattice constants of Nb3Al, NbyAl and NbAlj are
listed in Table 1.
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Table 1.
Compound | Crystal Structure | Lattice Parameters (A)
Nb bee a,=b,=c,=3.30
Al fcc a,=b,=c,=4.049
Nb,Al Al5 a,=by=c,=5.187
Nb,Al Sigma a,=b,=9.923, ¢ =5.171
NbAL, DO, a,=b,=3.845 c=8.601
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In spite of apparent differences in the crystal structures and lattice parameters of these

compounds, it was not easy to identify phases by indexing diffraction patterns because of

their similar interplanar angles and dpk values, where dpy is the interplanar spacing. The

dnki's for the phases of the Nb-Al system are listed in Table 2.
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Table 2.
Nb Al NbAl Nb,Al NbAl,
hkl hki hki hkl hkl
indices | dp |indices | dyy |indices | dyy |indices | dng | indices | dhg
110 2.333 | 111 2.338 110 3.668 101 4.543 002 4.310
200 1.650 200 2.025 200 2.594 210 4.403 101 3.510
211 1.347 | 220 1.432 210 | 2.320 111 4137 110 2.715
220 1.167 113 1.221 | 211 2.118 220 3.480 112 2.298
310 1.044 222 1.169 220 1.834 211 3.346 103 2.298
222 0.953 400 1.012 310 1.640 310 3.120 004 2.152
321 0.882 133 0.929 222 1.497 301 2.769 200 1.920
400 0.825 420 0.906 320 1.439 320 2.737 202 1.753
321 1.386 311 2.669 211 1.687
400 1.297 002 2.571 105 1.573
400 2.467 213 1.474
112 2.445 204 1.433
410 2.397 006 1.433
330 2.331 220 1.358
202 2.281 222 1.293
212 2.222
411 2172
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Procedure of indexing diffraction patterns involves two stages[®1]: "(1) the determination of
the general {hkl} indices of the spot, that is the combination of h,k and 1 without definite
values and signs; (2) assignment of specific (hkl) indices to the individual spots and the
determination of the beam direction B". For stage (1), ‘camera constant method' was used
because the camera constant of the microscope was known. A list of dpk] spacings were
obtained by measuring the distance R of the spot from the center spot and dividing the
camera constant by R. For stage (2), the closest spot to the center (h1kjl;) was arbitrarily
indexed for a given combination of h,k and 1, and then other spots were indexed so that the

indices can be added vectorically, that is

h; =hy +h3
- k1 =ky +k3
I} =12 +13

The angles between lines from the center spot to the two spots were also measured and
the correct combination of (hik1ly),(hokals),(h3k3l3) was confirmed.

These repetitive calculations and comparisons can be systematically performed
using a computer. Using the graphic capability of 'Microsoft BASIC' language and an
'Apple Macintosh' personal computer, I developed a computer program which not only
calculates dpk)'s and angles but also finds the zone axis of the diffraction pattern of interest.
The program can also generate and display the diffraction pattern of given zone axis on the
computer screen. Examples of computer generated microdiffraction patterns for Nb3Al,
NbjAl and NbAlj3 are shown in AppendixAA. Using this computer program, indexing
diffraction patterns became a routine work which took less than 20 minutes for each

pattern. The listing of the program is placed in Appendix B.
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V. RESULTS

Variation of heat treatment conditions in an experiment can be minimized if the
phase formation temperature ranges are known. A differential scanning calorimeter
(D.S.C.) was used for such a purpose in this research. A powder metallurgy processed
Nb/Al wire sample was heated with a 20.0°C / min. ramp from 225°C to 725°C where the
temperature was held for 5 minutes, while the heat transfer in and out of the sample was
monitored. 725°C was the maximum operating temperature of the D.S.C.. Then the
sample was furnace-cooled to 225°C and heated back to 725°C with the same 20.0°C /
min. ramp, where the température was held for 15 minutes. The plot of heat flow vs.
temperature/time is shown in Fig. 19. The heat-flow 1 represents the first run and the
heat-flow 2 is for the second run. The heat-flow 1 curve shows an exotherm at the
temperature range between 300°C and 600°C with its peak at around 550°C. The curve
then showed a steep endotherm from 680°C up to 725°C. A large dip in the curve was
recorded while holding at the temperature, indicating another exothermic reaction. When
the sample underwent the second run, no exotherm was found until about 680°C: a large

exothermic reaction was recorded above that temperature.

A. P/M processed wire samples

Fig. 20 is a TEM micrograph of the longitudinal section of an unreacted P/M
processed wire with the reduction ratio R = 5000. Nb and Al powders have been drawn
down to form thin irregular ribbons or layers. Regions exist where some Nb powders
have agglomerated during drawing to form superlayers much wider than the nominal value.
In Fig. 20 the Nb layer thickness appears to vary from 250 A to 2500 A. The
inhomogeneity of Nb layers is better revealed in a transverse TEM micrograph shown in

Fig. 21.
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Reacted compound phases were identified by both microdiffraction and energy
dispersive X-ray spectrometry using TEM. When the wire samples were heat treated
below 700°C, the formation of NbAl3 was observed. Fig. 22 shows a TEM micrograph
of a wire sample heat treated at 650°C for 2 hrs. The NbAlj grains were equiaxed and
relatively defect-free. Some Nb remained after reaction but Al or Nb-Al solid solution was
not detected. The chemical composition of the NbAl3 phase was found to be
approximately 75 atomic % Al. A longer heat treatment only resulted in the coarsening of
NbAl; grains (Fig. 23). |

Fig. 24 shows a TEM micrograph of a wire sample heat treated at 700°C for 24
hrs. NbAlj disappeared and elongated Nb3Al grains are shown as well as some remaining
Nb. The tétragonal NbyAl phase was also found in the sample. The Nb3Ai phase did not
form when the sample was heat treated for a short period of time (<1 hr.) at 700°C.
However, the formation of Nb3Al and Nb,Al did not require a long reaction time above
700°C.

There were regions with very thick remaining Nb (Fig. 25) or regions with thick
superconducting Nb3Al layers (Fig. 26) in a wire sample heat treated at 900°C for 20 min..
A'Nb3Al/ NbjAl/ N.b3A1 configuration, shown in Fig. 27, was frequently.observed in
reacted wire samples. The superconducting Nb3Al grains are relatively defect-free while
the NbjAl grains are heavily faulted and smaller than Nb3Al (Fig. 28). The chemical
composition of Nb3Al was measured to be 21 ~ 23 atomic % Al while that of NbyAl was

33 ~ 39 atomic % Al

B. Multi-layered samples
Cross-sectional views of sputtered multi-layered samples were observed using a

Philips 400 EM. Fig. 29 shows the uniform thickness and distribution of the multi-layers.

When heat treated at 600°C for 100 hrs, both thin and thick multi-layers reacted to form the
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NbAlj; phase with the composition being about 75 atom% Al (Fig. 30). The remaining Nb
layers contained no measurable Al in solid solution. NbAl3 was found to form at
temperatures as low as 300°C. The NbAlj3 phase reacted with the remaining Nb to form
Nb3Al after heat treatments above 700°C. Fig. 31 shows the Nb3Al formation from a
1000A Nb / 300A Al multi-layered sample heat treated at 900°C / 20 min. The same result
was obtained for thin multi-layered sample. The Nb-Al solid solution and NbjyAl were
reported to form in the thick multi-layered sample by Bormann et al.[86] but were not seen
in this work.

Reactions at the Nb/Al interface with thicker Al layers ( > 300A ) were studied
using the cold-rolled samples. When a multi-layered sample with 630A thick Al layers
were heat treated at 900°C for 20 minutes, a Nb3Al/Nby AI/Nb3Al layer configﬁration was
found (Fig. 32). The Nb3AI/NbyAl/Nb3Al layer configuration was frequently found in
P/M superconducting wires(72]. When there was a sufficient Al supply, NbAl3 was found
regardless of heat treatment conditions as long as both the Nb and Al layers remained.
Fig. 33 shows a sample heat treated at 600°C for 100 hrs. Nucleated NbAlj grains were
detached from the Nb/Al interface as they grew larger and new NbAlj grains grew at the
fresh Nb/Al interface. This NbAls formation stopped when all Nb was consumed (Fig.
34). When a similar sample was heat treated at 900°C for 20 minutes, neither Nb3Al or
NbjAl was found to form: only NbAlj formed. The NbAlj layer was found to grow
thicker than 100 pm as shown in Fig. 35, even though it was not as porous as that found at

lower temperatures.

C. Bulk samples
The Nb-Al bulk sample was composed of two regions of different microstructures.
Region I is shown in Fig. 36. A layer of a Nb-Al solid solution grew from the remaining

Nb, and a mixture of the solid solution and Nb3Al was present above it. Transmission
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electron microscope study revealed that the Nb3Al phase nucleated and grew from the Nb-
Al solid solution (Fig. 37). The Nb-Al solid solution was highly dislocated and had an Al
concentration gradient which was incréasing toward the Nb3Al-solid solution peritectic.
The Al solubility in Nb was measured to be 5 ~ 15 atomic % by energy dispersive X-ray
spectroscopy on TEM. The chemical composition of the Nb3Al phase was 21 ~ 23
atomic% Al.

Region II did not contain Nb3Al or a Nb-Al solid solution. Instead, a layer of
NbsAl phase grew on the remaining Nb. The NbyAl-NbAlj eutectic structure was found
on top of it. A typical microstructure of the'rcgion is shown in Fig. 38. A TEM photo of
a eutectic of NbpAl and NbAlj is shown in Fig. 39. TEM with microdiffraction and
energy dispersive X-ray spectroscopy were used for phase identification. The chemical
composition of NbAl3 was about 75 atomic % Al and that of NbaAl phase was 33 ~ 39
atomic % Al. '

The microstructures for both regions did not change noticeably even after the

sample was heat treated at 900°C for 24 hrs.
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VI. DISCUSSION

A. Reactions in Bulk Samples

The Nb/Al binary phase diagram(73) indicates that all three compounds (Nb3Al,
NbsAl and NbAl3) and the Nb-Al solid solution are thermodynamically stable over a large
temperature range.  All three compounds and the Nb-Al solid solution were found in the
bulk sample made by plasma welding method. The bulk sample contained two regions of
different microstructures caused by chemical inhomogeneity.

In region I, Nb and Al solidified as a Nb-Al solid solution on top of the remaining
Nb plate. The superconducting Nb3Al was found to form from the Nb-Al solid solution.

-The Nb peaks in the X-ray diffraction data were split into two (Fig. 40), indicating the
existence of pure Nb and a Nb-Al solid solution. The difference in lattice parameters was
0.01 ~ 0.02 A, which corresponded to a solid solution of about 10 atomic % All92],

In region II, however, columnar grains of NbyAl grew from the remaining Nb plate
which were followed by the eutectic of NbaAl and NbAl3. Nb3Al or the Nb-Al solid
solution was not found in this region. It is believed that the inhomogeneity of the
microstructure was caused by a steep chemical composition gradient in the sample: the local
chemical composition determines which phases form in a particular region. Since Nb and
Al reacted at a very high temperature in the molten state, diffusion was fast enough for the

system to reach the thermodynamic equilibrium.

B. Reactions in P/M Processed Wire Samples
In P/M processed Nb/Al wire samples, phase formation was affected by heat
treatment temperatures. Only NbAlj3 formed by at heat treatment temperature below 700°C

while Nb3Al and NbyAl were found after heat treatment above 700°C. Nb-Al solid
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solution was not found in any case. The phases formed in the wire samples were studied
by combining D.S.C., X-ray diffractometry and TEM.

The first exotherm found below 600°C in the D.S.C. curve is attributed to the
formation of NbAl3. Fig. 41 shows the microstructure of a wire sample which suffered
from a 20°C / min. heating ramp to 700°C in the D.S.C.. Only NbAl3 was found to
form: Nb3Al, NbyAl and Nb-Al solid solution were not found in this sample. The second
exotherm detected around 725°C was found to be due to the formation of Nb3Al and
NbjAL

A steep endotherm between 680°C ~ 725°C that appeared in the first run was not
understood. The sharp endotherm could be caused either by Ar gas absorption into the
sample, by the dissolution of NbAlj3 (e.g., formation of a Nb-Al solid solution) before
formation of Nb3Al and/or NbaAl, by change in the specific heat of the sample, or by
melting of a phase. But none of these were observed experimentally. The specific heat
of the sample was not measured in this experiment. Since the formations of Nb3Al and
Nb2Al could not be separately observed in the wire sample, information about the

competition between Nb3Al and NbsAl could not be obtained.

C. Reactions in Multi-layered Samples

It has been believed that reactions in the wires are limited to the vicinity of the
Nb/Al interface. The study of reactions at the Nb/Al interface required transmission
electron microscopy because of its high spatial resolution. But it was not possible to
monitor the reactions in the P/M processed wire samples because of the irregular
morphology of Nb/Al interface. Therefore, reactions in the vicinity of Nb/Al interface
were studied using Nb/Al multi-layered samples.

Reactions in multi-layered samples were not only affected by heat treatment

conditions but also by Nb/Al layer configuration. As summarized in Table 3, different
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sequences of phase formation were observed from samples with different layer
configurations. Reactions at the interface (or in thin films) have been extensively studied
in various material systems such as Ni/Si(93], Co/Si(94], Pd/A1(95], Py/A1(96], Au/In[97] and
Cu/Al(981(99), A sequence of phase formation has been frequently found from many of

these thin film material systems.

Table 3.
< 650°C > 700°C Al layer thickness
Nb + Al NbAl, NbAl, >> lpym
Nb + Al NbAI, Nb;Al < 300A
Nb + Al NbAI, ' Nb,Al+Nb,AlX intermediate

* Nb3Al/ Nb,yAl/ NbjAl Layer Configuration

There have been efforts to predict phase formations in thin films using equilibrium

phase diagrams(1001-(102]  Kirkadly(103] argued that a condition of (near-) equilibrium

must exist at phase interfaces. Eifert{104] suggested that the interface compositions were

essentially time constant although they might not be those predicted by the equilibrium tie-
lines. However, foimation of amorphous phases during solid state reactions has been ob-
served, which indicates that kinetics is responsible for the early state of reactions(105]-(107],
d'Heurle and Gas(108] divided the reactions in thin films into three categories: diffusion-
controlled, nucleation-controlled and reaction-rate-controlled. Gosele and Tul(109] have
demonstrated that the competition between interface-controlled and diffusion-controlled
phenomena has specific effects on the sequence of phase formation. But no model was
successful to predict which compound was kinetically favorable in the competition in

nucleation between compqunds. Most of the work on thin film reactions concerned the
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controlling mechanisms that were related to the growth of already nucleated phases rather
than the nucleation itself of the phases which formed in sequence. |

Gosele and Tul109] termed the "thin film case" when the thickness of compound
layers was on the order of a few hundred to several thousand A in contrast to the "bulk
case" for much thicker diffusion couples with layer thiékness above ~ 10um. In the "thin
film case”, not all of the compound phases predicted by the equilibrium phase diagram may
be present simultaneously. In the case of silicides it is even more common to see only one
compound phase between the silicon and the metal.

In the Nb-Al system, only NbAlj was found in thick (> 1000um) multi-layered
samples regardless of heat treatment conditions. This should belong to the category of the
"thin film case” because Nb3Al and NboAl were missing. Nb-Al thin films (< 100um)
with 25 atomic % Al which were made by rapid quenching(791-(81] or laser irradiation
techniques[841(85], however, contained a mixture of a Nb-Al solid solution and Nb3Al,
which is similar to the region I of the bulk sample. In some silicon-metal diffusion
couples with very thick layers, all of the compound phases predicted by the equilibrium
phase diagram were found, but they did not form simultaneously but sequentially.
Therefore, it is not adequate to distinguish reactions by the thickness of layers.

Meng et al.[110] suggested that differences in the relative ease of nucleation and
differences in diffusivities are factors which determine the formation of the particular
phases at Ni/Ti and Ni/Zr interface. In the bulk case, on the contrary, diffusion is not a
reaction-controlling factor and the reaction would occur in the direction to minimize the
Gibbs free energy of the system. Therefore, the criterion between the "thin film case" (or
the "interface case") and the "bulk case" should be whether the reactions are governed by

kinetics or thermodynamics. Reactions at the interface would be governed by kinetics
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while those in the bulk would be governed by thermodynamics. The thickness of layers

would only affect the sequence of phase formation in the thin films.

D. Reaction Controlling Mechanisms in Nb/Al Multi-layered Samples

If the reactions in thin films (or at the interface) are controlled by the kinetics, then
the atoms at the vicinity of the interface would rearrange themselves to form a phase which
is kinetically most favorable rather than thermodynamically most stable. The relative ease
of nucleation and diffusion at the interface would be closely related to the crystal structures
6f the competing phases. Therefore, an effort was made to explain the sequence of phase
formations in the Nb/Al thin films using knowledge about the crystal structure of each
compound.

The crystal structures of three compound phases in Nb/Al system are illustrated in
Fig. 42. NbAlj has the DO2; tetragonal structure and can easily form by substitutionally
replacing 2 Al atoms with Nb atoms in 2 fcc Al unit cells. Fig. 42 a) illustrates the
structural similarity between NbAlj and Al. The superconducting Nb3Al phase has the
A1S type cubic structure, with 2 Al atoms at the corers and the center and 2 Nb atoms on
each face of the unit cell (Fig. 42 b)). The formation of the A15 structure might be viewed
such that the fcc Al is bain-strained into the bcce structure by 6 interstitial Nb atoms in the
tetrahedral sites.v The NbyAl phase has the tetragonal sigma structure, containing 30 atoms
in a unit cell as shown in Fig. 42 c). |

Using knowledge about the crystal structures of the compound phases, three reac-

tion controlling mechanisms are proposed to explain the reactions at the Nb/Al interface.

(1) The Activation Energy for Nucleation:
For heat treatments below 700°C, NbAl3 formed regardless of holding time at the

temperature and Nb/Al layer configuration. This indicates that Nb3Al and NbQAl could not
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overcome the activation energy for nucleation at this low temperature. According to the
classical nucleation theory, the competition between the volume free energy AG and the
surface energy o gives rise to the activation energy for nucleation which is proportional to
03/AG2. Since the structure of NbAlj is similar to that of Al, the interfacial free energy
between Al and NbAlj is thought to be very low. Thus the nucleation of NbAl3 at the
Nb/Al interface is kinetically favored, and NbAl3 can nucleate at relatively low temperatures

(< 700°C) regardless of Nb/Al layer configuration as illustrated in Fig. 43.

(2) The Energy Barrier associated with Short Range Order:

At reaction temperatures above 700°C, reactions were affected by the Al layer
thickness provided that there were sufficient Nb supply. The first phase formed was
NbAlj regardless of layer configuration because of the nucleation controlled mechanism.
The NbAI; phase continued to grow as long as both Nb and Al layers remained. Nb3Al
and NbjAl were found only after all Al was consumed to form NbAl3.

It is proposed that this stage of the reactions is governed by the energy barrier
associated with short range order to form an ordered state. Formation of the NbAl3 ph'ase‘
requires less rean'angement»of atoms than that of Nb3Al. The largest rearrangement of Nb
and Al atoms is required to form the NbyAl phase whose unit cell is composed of 30
atoms. Therefore, the energy barrier associated with short range order would be smallest
for NbAl3 formation, larger for Nb3Al formation and largest for NbyAl formation.
Consequently, the kinetically favorable NbAlj phase will grow continuously as long as
both Nb and Al layers remain. When all the Al is consumed to form the NbAlj phase, the
next favorable Nb3Al will start to form at the remaining Nb/NbAlj interface (Fig. 44). If
the reacted NbAlj layer is sufficiently thin, all the NbAl3 phase will react with remaining

Nb to form the superconducting Nb3Al phase as observed in the sputter-deposited samples.
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(3) The Diffusion Barrier Controlled Mechanism:

When the Al layers were thicker than 300A but thin enough to be fully consumed to
form NbAIlj3 during heat treatments, NbyAl formed between two Nb3Al phase layers at
reaction temperatures above 700°C. The average grain size of szAi was much smaller
than that.of Nb3Al.

Formation of the NbjAl phase can be explained by a diffusion-barrier controlled
mechanism. Diffusion through the Nb3Al phase is expected to be very limited because of
the strong strain in the A15 structure. Therefore, Nb3Al grains will grow faster laterally
along the Nb/NbAIlj3 boundaries than to the perpendicular direction. The resulting Nb3Al
grains tend to have elongated shapes. When Nb3Al grains grow to form a continuous
layer, further diffusion is allowed only through the Nb3Al grain boundaries and further
growth of Nb3Al will slow down. Since NbAlj is closer to NbyAl than to Nb3Al in
chemical composition, the formation of NbyAl would require less diffusion than that of
Nb3Al The diffusion barrier allows the formation of NbyAl kinetically favorable over that
of Nb3Al. This sequence of phase formation results in the Nb3Al / NbyAl / Nb3Al layer
configuration as shown in Fig. 45. | |

It has been observed experimentally that the thickness of a single Nb3Al layer is
about 700A-800A regardless of initial Nb/Al layer configuration. Heat treatments of
samples with thicker layers only resulted in thicker NbyAl layers. If NbyAl formed by
consuming Nb3Al and NbAlj, thén the thickness of ‘the resultant Nb3Al layers would be
dependent on the thickness of NbyAl layers. Therefore we concluded that Nb3Al phase
did not dissolve after it formed. However, it is not yet understood why Nb3Al does not
react with NbAlj to form the NbpAl phase as expected from the Nb/Al equilibrium phase

diagram.



VI. DISCUSSION 47

In Fig. 46, the Nb3Al grains already formed a layer of 700A ~ 800A thickness and
small NbsAl grains began to form between Nb3Al and NbAlj layers. If the sample was
heat treated for a longer period of time, the remaining NbAl3 would be consumed to result

in the Nb3AI/NbyAV/Nb3Al configuration.

E. Primary diffusing element in Nb3Al

If Nb3Al does not dissolve once it forms, NbyAl must form from the remaining Nb
and NbAl3; which are separated by the Nb3Al layer. There may be two possibilities to
continue reactions: either excess Al diffuses out of NbAls, or Nb diffuses into NbAlj from
the remaining Nb layer. In both cases, diffusion will occur through the Nb3Al layer. If
Al is the primary diffuser in the Nb3Al layer, then more Nb3Al will form at the Nb/Nb3Al
interface. This will result in the thickening of the Nb3Al layer. If, on the contrary, Nb
is the primary diffuser in the Nb3Al layer, then NbyAl will grow from the Nb3AI/NbAlj3
interfa;:e. In this case, the thickness of the Nb3Al layer will not be changed during the
reaction.  Both possibilities are illustrated in Fig. 47.

It has not yet been verified which is the primary diffusing element in the Nb3Al
phase. Until present time, Al has been regarded as the primary diffusing element(861(111]
in the formation of Nb3Al. But the observation that the Nb3Al layers do not grow more

than a certain thickness is an indirect evidence that Nb is the primary diffusing element in

‘Nb3Al This is a rather unexpected result since Al is the primary diffusing element in

many material systems[1121(113],

Maas et. al.(112] showed that Al is the primary diffusing element in the formation of
NbAl3. Colgan and Mayer{113] found that Al was the dominant moving element for the
growth of many Al-rich compound phases while Ni was the dominant moving element for
the growth of the Ni-rich phase, NizAl. It has been suggested that the spcci?s the

compound is richer in is likely to be the dominant diffusing element because there is a
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higher probability of a continuous sublattice of that species to exchange with(113](114],
Exchanges between different atomic species are less likely because of the disorder
produced and increase in energy involved.

In the Nb/Sn system, Sn is the primary diffusing element in the Nb3Sn
superconducting phase. In this case, the A15 (Nb3Sn) layer continuously grows at the
Nb/Nb3Sn interface by the grain boundary diffusion of Sn through the A15 layer without
forming a Nb-depleted phase as in Nb/Al system(1151(116]  Further investigation is

required before a conclusion can be reached.

F. Optimum layer configuration for Nb3Al formation

" The critical current density of the Nb/Al superconductor will be improved if the
volume fraction of the superconducting Nb3Al phase is maximized by avoiding NbyAl and
excess Nb. It has been shown that NbjAl layers do not grow more than a certain thick-
ness in multi-layered samples. Any remaining Nb and NbAl; would be used to form the
non-superconducting NbsAl. The unwanted phases, remaining Nb and NbjAl, can be
avoided only if the Nb/Al layers have an appropriate configuration.

The optimum layer configuration is qualitatively calculated as follows. The
average thickness of Nb3Al layers is about 700A ~ 800A. Assuming the chemical
composition of Nb3Al is approximately 22 atomic % Al, a 550A~ 630A thick Nb layer and
a 145A ~ 165A thick Al layer would react to form a 700A ~ 800A thick Nb3Al layer.
Since each Al (or Nb) layer in the multi-layered sample has a pair of Nb/Al interfaces, the
optimum layer thickness to avoid remaining Nb and NbpAl becomes 1100A ~ 12604 for
Nb and 290A ~ 330A for Al. If Nb layers were thicker than this optimum value, some Nb
would remain after heat treatments. If Al layers were thicker than this optimum value,

NbyAl would form between Nb3Al layers.
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G. Optimum processing conditions for superconducting wires

The proposed reaction mechanisms are consistent with observations in powder
metallui'gy processed Nb/Al superconducting wires:

1] NbAl; forms below 650°C while Nb3Al and Nb,Al form above 700°C.

2] The Nb3AI/NbyA/Nb3Al conﬁgu.ratidn is observed.

3] Nb-Al solid solution is not observed.

4] A high reduction ratio (ie. thinner Al layers) yields more Nb3Al.
Therefore we concluded that reactions in the P/M processed Nb/Al superconducting wires
were successfully simulated by the Nb/Al multi-layered samples.

The calculated optimum Nb/Al layer thickness may be qualitatively used to estimate
the volume fraction of Nb3Al phase in Nb/Al superconducting wires. The average
thickness of filaments (Tnp or TAL) Was calculated by the following equation(68],

(Nb,Al powder size)
(reduction ratio) 12

TNp,A1=

King et al.[71] made a series of P/M processed wires using 75um ~ 100um Nb and < Sum
Al powders. For the reduction ratio of R = 103, the average thickness of Nb filaments
(Tnb) was calculated to be 2370A ~ 3160A and that of Al (Tal) <~ 160A. Almost 50%
- of Nb was expected to be either remained after heat treatments or inefficiently consumed to
form NbzAlL  In fact, 1000A ~ 2000A thick Nb layers were observed in their wire sample.
Thieme et al.[117] showed that the critical current density of their wire samples increased
nearly proportionally as the reduction ratio increased to R = 1.8 x 105 and toR = 3.4 x
105. For R = 1.8 x 105, Tnp was calculated to be 1770A ~ 2360A and Ta; < ~ 120A.
And for R = 3.4 x 105, Tnp was calculated to be 1290A ~ 1720A and Taj < ~ 85A. If the
P/M processed wires had a homogeneous microstructure, the formation of NbyAl would be

avoided with Ta| < 290A ~ 330A. However, 2500A ~ lum thick Nb2Al layers were
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observed in the wires whose Ta] was only 160A71]. It is believed that the formation of
NbjAl was caused by an inhomogeneous distribution of Nb/Al filaments.

Bruzzere et al.[118] obtained a high critical current density from Nb/Al single-core
superconducting wires produced by a jelly-roll technique. They obtained Ty, of 1400A |
with R = 1.9 x 104. They reported that the J. was greatly improved when T, decreased
from > 2000A to 350A. In spite of the relatively low reduction ratio, their Jc value (1.8 x
105 A/cm?2 at 4.2 K and 11 Tesla) was comparable to those with much higher R's as shown
in Fig. 48. It is calculated that the optimum layer thickness may be achieved by a
reduction ratio of R = 2.5 x 104 ~ 3.3 x 104 if 20um Nb and 4.9um Al foils are used as
starting materials.

The jelly-roll technique has an advantage over the P/M process in the distribution of
Nb/Al filaments. An attempt was made to demonstrate the effect of the distribution of
Nb/Al filaments in P/M processed wires. A series 6f wires was made using 65 um Nb
powders which were precoated with Al by evaporation in order to improve the distribution
of Nb/Al filaments. The amount of Al-coat was measured to be 5 weight % of the total
weight of the powders. Johnson(68] showed that the critical current density of the Al-
precoated P/M wire sample was approximately 15 % superior to that of a reference P/M
wire sample which was made using 65um Nb powders and 20um Al powders of 5 weight
%. It wﬁs suspected that the difference in J¢'s of two wires would be more apparent if the
wires were further reduced.

From the results of multi-layered samples and analysis of various superconducting
wires, it was concluded that the volume fraction of the superconducting Nb3Al phase may
be maximized if Nb and Al filaments are homogeneously distributed and as thin as the

optimum thickness.
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VII. SUMMARY

Reaction mechanisms in the Nb-Al binary system were studied in order to provide a
systematic apprbach toward achieving optimum processing conditions for Nb3Al
superconducting wires. The relationships between processing, microstructure and
properties of the P/M processed Nb/Al wires were also discussed using experimental -
results from various types of samples and techniques.

Not only powder metallurgy processed superconducting wires but also various
multi-layered samples and bulk samples were studied using conventional and analytical
electron microscopy, X-ray diffractometry and differential scanning calorimetry. TEM
sample preparation techniques were developed for P/M processed wires and the cross-
section of multi-layered thin films. The reacted phases were identified by energy
dispersive X-ray spectroscopy and microdiffraction using a convergent electron-beam
probe. A computer program was developed specifically for indexing microdiffraction
patterns of Nb-Al compound phases.

The bulk sample made by plasma welding‘method contained all three compound
phases (Nb3Al, NbzAl and NbAl3) and the Nb-Al solid solution as predicted from the
Nb/Al equilibrium phase diagram. Since reactions occurred in the molten state (high
temperature), diffusion was fast enough for the system to reach the thermodynamic
equilibrium.

In P/M processed Nb/Al wire samples, phase formations were affected by heat
treatment temperatures. Phase formation temperatures were studied using D.S.C., X-ray
diffractometry and TEM. Only NbAl3 formed by a heat treatment below 700°C while
Nb3Al and NbsyAl were found by a heat treatment above 700°C. Nb-Al solid solution was

not found in any cases. Since the formations of Nb3Al and NbyAl could not be separately
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observed in wire samples, information about the competition between Nb3Al and NbjAl
could not be obtained.

Since P/M processed wire samples had an inhomogeneous filament morphology,
reactions at the Nb/Al interface were studied using Nb/Al multi-layered samples.
Reactions in multi-layered samples were not only affected by heat treatment conditions but
also by Nb/Al layer configuration. It was found that phase formation occurred in
sequence, which was frequently 6bs¢rved in many other thin-film material systems. Itis
suggested that the term "thin film case” should be used when reactions are governed by
kinetics in contrast to the "bulk case" which is governed by thermodynamics, regardless of
film thickness.

Using knowledge about the crystal structureé of each compound phase, three
reaction controlling rhccha.xﬁsms were proposed to explain the sequence of phase formation
in Nb/Al multi-layered samples. At lower temperatures (<700°C), the activation energy
barnier for nucleation allows the formation of NbAlj only regardless of layer configuration.
At higher temperatures (>700°C), reaction is governed by the energy barrier associated
with short range order to form an ordered state. Since the formation of Nb3jAl requires
more rearrangement of atoms than that of NbAls, the Nb3Al phase will not form until
NbAl3 formation is completed by exhausting Al supply. NbjAl requires the most
arrangement of atoms to form, and does not form until the Nb3Ai blocks further diffusion
by forming a continuous layer at the Nb/NbAlj interface. The diffusion barrier allows the
formation of NbzAl kinetically favorable over Nb3Al since NbAl requires less Nb
diffusion to form than that of Nb3Al. Since the thickness of a single Nb3Al layer was
independent of NbsAl léyer thickness, it was concluded that Nb3Al did not dissolve during
NbyAl formation.



VII. SUMMARY | 53

Two possibilities of reactions between Nb and NbAlj were discussed: either excess
Al diffused out of NbAlj or the remaining Nb diffused into NbAl3. If Al was the primary
diffuser, more Nb3Al would form at the Nb/Nb3Al interface. If Nb was the primary
diffusing element, Nby Al would form at the Nb3AV/NDbAIj interface. The observation that
the thickness of a single Nb3Al layer was constant indicated that Nb might be the primary
diffusing element in Nb3Al, but it was not verified experimentally.

Since Nb3Al layers did not grow more than 700A ~ 800A, any excess Nb and Al
would either remain or form NboAl after reaction. The optimum ALNb layer configuration
to avoid remaining Nb or NboAl was qualitatively calculated to be 1100A ~ 12604 for Nb
and 290A ~ 330A for Al. If Nb layers were thicker than this optimum value, some Nb
would remain after heat treatments. If Al layers were thicker than this optimum value,
NbyAl would form between Nb3Al layers.

.The proposed reaction mechanisms for the multi-layered samples were consistent
with observations in P/M processed wires. Therefore it was concluded that reactions in
the P/M processed Nb/Al superconducting wires were successfully simulated by the Nb/Al
multi-layered samples.  Average filament thicknesses (Tnp and Tpj) of various
superconducting wires were calculated and compared with the optimum Nb/Al layer
thickness for multi-layered samples in order to estimate the volume fraction of Nb3Al phase
in the »;'ires qualitatively. The Tnp's and the critical current densities of the
superconducting wires showed a good correlation in spite of the microstructural
inhomogeneity.

| The effect of the distribution of Nb/Al filaments on the critical current densities of
P/M processed superconducting wires were demonstrated by comparing two sets of wires

of different filament distribution. It is concluded that the critical current density of a Nb/Al
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superconducting wire can be maximized if Nb and Al filaments are reduced to the optimum .

thickness range and homogeneously distributed.
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VIII. CONCLUDING REMARKS

More than 2 hrs of heat treatment was required before Nb3Al formed in a P/M
processed wire sample at 700°C. For heat treatments above 800°C, it took less than 30
min to form Nb3Al. If the time required to form Nb3Al at various temperatures is
measured, one may get qualitative thermodynamic data on the nucleation of Nb3Al.

An interesting question is whether Nb3Al (and/or NbAl) will grow or dissolve at a
temperature lower than 700°C if the phase is allowed to nucleate at a higher temperature
(>700°C) and then cooled down to the low temperature. The phase will dissolve if it is
thermodynamically unstable at the low temperature and the Nb/Al phase diagram must be
modified accordingly. The difficulty of finding the heat treatment condition for nucleation
of Nb3Al may be overcome by using the D.S.C..

It has been reported that the Nb3Al phase formation is affected by the presence of
oxygen. Itis inevitable that some oxygen is introduced into the P/M processed wires from
the surface of Nb/Al powders. The multi-layered samples made by cold-rolling technique
should also contain oxygen in the vicinity of the Nb/Al interface. - Therefore I believe that
the reactions in the P/M processed wires miéht be better simulated by the cold-rolled
samples than the sputtered multi-layered samples. If one could make two sets of multi-
layered samples with different oxygen content, then the affcét of oxygen on the reactions at
the Nb/Al interface could be investigated more precisely. |

The effect of third element addition was nbt studied in this project partly because of
the difficulties of sample preparation. Since Ge and Si are inherently brittle, samples
containing élemental Ge or Si powders could not be plastically deforméd successfully.
The ternary multi-layered samples may be made by sputtering technique using Al-Ge

eutectic alloy as a source target. The eutectic Al-Ge alloy has already been made. Itis
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expected that knowledge obtained from the binary Nb/Al system may be used to understand
the effect of Ge or Si addition on the reactions at the Nb/Al(Ge or Si) interface.
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X. FIGURE CAPTIONS

Critical surface of a typical type II superconductor
For a given temperature, the superconductor 'has a definite critical current
density Jc(T) and a critical magnetic field H¢(T); this current density value

generally has an inverse dependence on temperature and field.

Plot of -4ntM, where M is the magnetization, as a function of applied magnetic
field B,, for a type I superconductor. The critical value of the magnetic field
Bac =He. This magnetization curve is for a bulk sample exhibiting a complete
Meissner effect, and the temperature is below the critical transition temperature

Te.

Plot of -4nM as a function of applied magnetic field Ba for a type II
superconductor. (The sample is assumed to be a long cylinder parallel to the
applied field.) The sample is superconducting (B=0) when the applied field is
less than the lower critical field Hcl, and is in the mixed or vortex state (B0)
when the applied field is between Hcl and the upper critical field Hc2. For
fields larger than Hc2, the superconductivity is destroyed and the sample

becomes a normal conductor.

'Origirx of the superconducting-normal boundary surface energy. The x axis is

distance and the y axis is AG.

(a) & > A, positive surface energy; (b) § < A, negative surface energy.
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Fig. 5§

Fig. 6

Fig. 8

Fig.

Fig.

Fig.

10

11

The spatial configuration of w2 near He for a triangular flux array in a type I
superconductor. The area density of the dots is approximately proportional to

the square of the reduced order parameter(25],

The variation of the local magnetic field h and the order parameter |y| across an

isolated flux line in a type II superconductor.

The BCS energy gap in the excitation spectrum of a superconductor at the Fermi

level

The unit cell of the A15 crystal structure. The dotted lines indicates the

orthogonal A-atom chains.

The grain structure in the reacted layer of a filament of a commercial Nb3Sn
multi-filamentary superconductor. The wire axis is normal to the plane of the
paper. Continuous grain-boundary paths exist with components parallel to the
Lorentz force (Fr)(371.

The grain structure of a powder metallurgy processed Nb3Al wire. The wire
axis is parallel to the superconducting Nb3Al grain layers. The Lorentz force

(FL) is normal to the direction of the grain elongation.

Illustration of a powder metallurgy technique used to make the Nb/Al

superconducting wire.
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Fig. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16

Fig. 17

Nb-Al binary phase diagram(75] shows that, in the normally chosen heat
treatment temperature range (900°C ~ 1100°C), not only superconducting
Nb3Al but also NbzAl and NbAlj phases can be thermodynamically stable.

Variation of Gibbs free energy AG with composition for a hypothetical Nb-X
system containing A15 and NbyXp (%< 3) phases, with differing relative
stability(24]. (a) A15 more stable than Nb,Xp, range of homogeneity of A15
includes 3:1 ratio. (b) A15 less stable than NbyXp, range of homogeneity
restricted to high Nb content. (c) A1S5 so much less stable than NbyXy, its

formation is completely suppressed

Hlustration of the cold-rolling technique used to make thick multi-layered

samples.

The Cu disc grid was clamped by a sharp-tipped tweezer, and a coat of enamel
was applied on both the grid and the tip of the tweezer except for the wire
region so that only the wire would be electropolished during the electro-

chemical thinning.

The beaker method used to thin wire samples: The electrolyte in a beaker was
cooled by iced water reservoir while gently stirred magnetically. A Smmx 15
mm fine net made by stainless steel was used for the cathode electrode and the

anode was directly connected to the tweezer which clamped the Cu grid.

Preparation prior to mechanical thinning of TEM sample:
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Fig. 18

Fig. 19

Fig. 20

Fig. 21

Multi-layered samples were glued facing multi-layer sides and placed in a brass
tube. The gap between the sample and the tube was filled with epoxy glue.
When the epoxy hardened, the brass tube was sliced to 0.5 mm thickness.
After this procedure was finished, the sample was mechanically thinned,

dimpled and ion-milled to electron-transparency.

The plot of the dimple-depth vs dimple-diameter of the dimpler. The depth of
the dimple was determined by measuring the diameter of the dimple and reading
the corresponding depth from the conversion plot instead of using a micrometer

attached to the dimpler.

Differential Scanning Calorimeter data of a powder metallurgy processed wire
sample: heat transfer in and out of the sample was monitored as the temperature
was raised from 225°C to 725°C, where the temperature was held up to 15

minutes.

TEM micrograph of an unreacted P/M processed 5 weight % Al wire with
R=5000 (Longitudinal view): The darker heavily dislocated layers are Nb and
the lighter layers are Al. The Al and Nb filaments formed layers of

inhomogeneous thickness and distribution.

TEM micrograph of an unreacted P/M processed 5 weight % Al wire with
R=5000 (Transverse view): Nb and Al powders were severely deformed into

irregular filaments or layers.
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Fig. 22

Fig. 23

Fig. 24

Fig. 25

Fig. 26

Fig. 27

TEM micrograph of a P/M processed wire with R=5000, heat treated at 650°C
for 2 hrs. (Longitudinal view) All the Al was consumed to form the NbAlj

phase;

TEM micrograph of a P/M processed wire with R=5000, heat treated at 650°C .
for 24 hrs. (Longitudinal view) Longer heat treatment time only resulted in

coarsening of the NbAl3 grains.

TEM micrograph of a P/M processed wire with R=5000, heat treated at 700°C
for 24 hrs. (Longitudinal view) Nb3Al and NbsAl (not shown here) formed
while NbAlj disappeared.

' TEM micrograph of a P/M processed wire with R=5000, heat treated at 900°C

for 20 min. (Longitudinal view) Superlayers of agglomerated Nb remained

after the reaction heat treatment.

TEM micrograph of a P/M processed wire with R=104, heat treated at 900°C
for 20 min. (Longitudinal view) A homogeneous Nb3Al layer formed thicker
than 5000A without any NbyAl formation.

TEM micrograph of a P/M processed wire with R=104, heat treated at 900°C
for 20 min. followed by 750°C for 2 days (Longitudinal view) A Nb3Al/
Nb,Al / Nb3Al layer configuration is shown. This configuration has been

frequently observed in similar P/M processed wire samples.
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Fig. 28

Fig. 29

Fig. 30

Fig. 31

Fig. 32

Fig. 33

Longitudinal view of a T.E.M. micrograph of a P/M processed Nb/Al wire
reacted at 900°C for 20 min. (§ weight % Al, R = 500) The heavily faulted

Nb,Al grains were found as well as superconducting Nb3AL

TEM micrographs of sputter-deposited Nb/Al multi-layered samples (cross-
sectional view): Darker layers are Nb and lighter layers are Al

a) 20 pairs of 300 ANb /80 A Al layers on a Nb substrate

b) 10 pairs of 1000 A Nb /270 A Al layers on a Nb substrate

TEM micrograph of 2 1000A Nb /270 A Al multi-layered sample heat treated at
600°C for 100 hrs (Cross-sectional view): The NbAl3 phase was found while

the remaining Nb did not contain any detectable Al in solid solution.

TEM micrograph of a 1000A Nb / 270A Al multi-layered sample heat treated at
900°C for 20 min. followed by 750°C for 2 days (cross-sectional view):

The multi-layer regioﬁ reacted to form the superconducting Nb3Al phase.

TEM micrograph of a cold-rolled multi-layered sample with 630A thick Al
layers heat treated at 900°C for 20 min. (cross-sectional view):

The Nb3Al / NbaAl / Nb3Al layer configuration was observed.

SEM micrograph of a cold-rolled multi-layered sample with sufficient Nb and
Al supply, heat treated at 600°C for 100 hrs (cross-sectional view): The NbAlj3

grains fell out from the Nb/Al interface as they grew larger. New NbAlj3 grains

grew at the fresh Nb/Al interface.

.



X. FIGURE CAPTIONS _ 67

Fig. 34

Fig. 35

Fig. 36

Fig. 37

Fig. 38

Fig. 39

SEM micrograph of a cold-rolled thick multi-layered sample.with insufficient
Nb supply, heat treated at 600°C for 100 hrs (cross-sectional view): The NbAl3

formation continued until all Nb was consumed.

TEM micrograph of a cold-rolled multi-layered sample heat treated at 900°C /
20 min. (cross-sectional view) A NbAlj layer is shown to grow over 100 pm

thickness.

Optical micrograph of region I of the Nb-Al bulk sample made by plasma
welding. A layer of a Nb-Al solid solution grew from the remaining Nb, and a

mixture of the solid solution and Nb3Al was present above it.

TEM micrograph of region I of the Nb-Al bulk sample. The superconducting
Nb3Al phase nucleated and grew from the Nb-Al solid solution.

SEM micrograph of the region II of the Nb-Al bulk sample. A layer of NbAl
formed above the remaining Nb, and a NboAI/NbAI3 eutectic grew from the
NbzAl layer.

TEM micrograph of the szAl/N bAlj eutectic. The dark phase is NbpAl and
the bright phase is NbAl3.
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Fig. 40

Fig. 41

Fig. 42

Fig. 43

Fig. 44

Fig. 45

X-ray diffraction data of the region I of the bulk sample made by plasma

melting technique. Nb peaks are split into two by 0.01A ~ 0.02A, which

corresponds to a Nb-Al solid solution of approximately 10 atomic % A1(93],

TEM micrograph of the D.S.C. sample which suffered from a 20°C/min. heat
ramp to 700°C. Only NbAl3 was found to form.

Crystal structures of compound phases in Nb/Al system

a) NbAl3 has the D093 tetragonal structure which is similar to 2 fcc Al unit
cells.

b) Nb3Al has the A1S5 type cubic structure.

¢) NbAl has the sigma type tetragonal structure with 30 atoms in a unit cell.

Since the activation energy of nucleation of NbAlj at the Nb/Al interface is
relatively smaller than those of Nb3Al or NbAl, the NbAl3 phase will nucleate

at relatively low temperatures (< 700°C) regardless Nb/Al layer configuration.

The kinetically favorable NbAl3 will grow continuously as long as both Nb and
Alremain. The next favorable Nb3Al will form at the Nb/NbAI3 interface only
after all the Al is consumed to form NbAlj.

When the Nb3Al grains grow to form a continuous layer, further diffusion is
allowed only through the Nb3Al grain boundaries. The diffusion barrier
allows the formation of NbjAl kinetically favorable over that of Nb3Al,
resulting in the Nb3AV/Nb AI/Nb3Al layer configuration.

a
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Fig.46

Fig. 47

Fig. 48

TEM micrograph of a cold-rolled multi-layered sample heat treated at 900°C for
10min. (Cross-sectional view) NbyAl started to grow from the Nb/NbsAl
interface, where Nb3Al already formed a continuous layer of 700A ~ 800A

thickness. Some remaining NbAlj is seen in the middle of the reacted region.

Mustration of possible reactions between Nb and NbAlj
A) Al as the primary diffusing element in Nb3Al
B) Nb as the primary diffusing element in Nb3Al

A plot of J; values vs applied magnetic field for various Nb/Al superconducting
wires. It is shown that the average Nb filament thickness, TN, can be used to

estimate J¢ of the wires qualitatively.
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