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i " "ABSTRACT

the substrates and AlS overlayers. Preferred orientation of the
diffusion layers is confirmed by X-ray and electron diffraction
measurements. Within the bulk of a specific Nb(h k %) substrate

believed to develop over distance due to a competion between the
4 growth region orientation at the advancing interface (required by
lattice registry of the bce and AlS5 lattices) and the tendency of

Nb3$n layers toward a natural growth direction, Al5(100); this

advances. Consistent with this model is the fact that surface

E preferred orientation of a diffusion layer on a given Nb(h k 2)
B
F

by etching, appears to be a function of net layer thickness.

i The structural properties of Nb3Sn diffusion layers fabricated
on oriented single crystal Nb substrates exhibit systematic behaviors

based on substrate orientation which result from interactioné between

layer, the preferred orientation appears to be a function of layer
thickness for the range of thicknesses studied (-1 to 17 um). It is

competition is moderated by in situ annealing of the Nb3Sn as growth

substrate, both for as-grown surfaces and for internal surfaces exposed
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Layer thickness regimes have been identified and associated
with variations in diffusion layer properties according to the orienta-
tion of the underlying Nb substrate. These thickness regime behaviors
and the Al5 preferred orientation dependence on substrate (h k 2) ,
suggest that a diffusion layer on a given Nb(h k &) substrate orienta- ; : i
tion has a specific "personality profile" .- Trends in N and lattice 1

A . e A G Bt P e

parameter as a function of layer tin composition suggest the
possibility of orientation effects in Nb-Sn nucleation and growth

6 ! kinetics, perhaps also with implications for phase equilibria and the
ordering effects of in s:Ltu annealing.

Scanning electron microscopy shows microstructural variation

among diffusion layer samples of differing Al5 layer thicknesses on the
same niobium substrate orientation, between layers on differing sub- {
strate orientations fabricated under the same conditions and to the q

same thickness, and between samples of differei'xt substrate geometry.

Also observed is a similarity between the microstructures of the
thinnest layer's surface and the advancing interface of the thickest

layer.

The existence of differences in properties of diffusion
_ layer Nb3sSn exhibiting preferred orientation arising from the influ-
'; : ence of niobium substrate orientation, and observations that these

differences show variation with processing conditions, suggest that

the tradeoffs between fabrication and layer quality are dramatic.

Thesis Supervisor: Margaret L. A. MacVicar
Title: Associate Professor of Physics
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I. INTRODUCTTON

f ! The mechanical properties of superconducting materials

el N

h_ave been of interest and concern to researchers in the field of <

superconductor technology since the discovery of high field super-

- c2m o i

conductors about two decades ago;1 The inherent brittleness

of many of these high field superconductors, specifically the Al5

crystal structure materials, requires the development of unique
processing and fabrication techniques for the manufacture of

practical conductors. Diffusion-processed AlSs are currently being

S e PR R s

investigated for use in multifilamentary composite wires and tapes,
as well as for the linings of high energy accelerating structures?
The Al5 materials have proven to be very attractive for these
applications because they are characterized by high superconducting
transition temperatures, Tor (as high as 23K for Nb3Ge) high
critical current densities, Jor (e.g., 2x10lO a/m2 at 3T for Nb38n)
and high upper critical magnetic fields, Hc(24T for V3Si) . See

Table 1. |

Recently research efforts have been directed at investi-
gating the important influence of microstructure on the super-
conducting parameters as well as on the mechanical bechavior of these ‘ |
Al5 materials. The key roles of stoichiometry, long range order
and crystal perfection to the enhancement of superconducting properties ,
have been widely accepted, although still under active investiga-
_13,4,14,15,6

tion But interest is also turning to establishing

the effects of substrates on the fabrication of the overlying AlS
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material, for exanple, the utilization of a substrate compatible

with that of Nb.Ce to determine the influence of epitaxial growth

3
on the final physical properties of this high T, AlS5 .17'18

From a more microscopic point of view, crystalline
orientation effects have been observed in the properties of high
Tc type-IT transition metal superconductors including the Al5
materials and elemental Nbo. Two specific examples which are well
documented are the existence of anisotropy in both ch and the
superconducting energy gap, A 0.19 Initially these anisotropies
were viewed as fundamental properties of the material, but as
evidence accumilates the case for the intrinsic nature of anistropy
is less than convincing. Bostock has pointed out, for example,
that the experimental evidence supporting energy gap anisotropy

20

is tenuous at best; similarly, although ch anisotropy is

more widely accepted, its magnitude and its effects on such phenomena
as grain boundary flux pinning are still under debate.21'22'23'24
Other microscopic effects in AlS5s which are demonstrably important
include the grain size dependence of Jéll and the structural

transformations of some AlS5s at low 1:emperatures.25

The material of immediate interest in this research is
diffusion-processed Nb,Sn (Tc=l8.3K, ch(0)=28.0'1‘) . 'The high
critical current density (2.0)(1010A,1>112 at 3T) and relative stability

of its Al5 phase have made Nb,Sn the subject of extensive studies,

3
both as an Al5 structure in itself and as it relates to fabrication




14

technologies .2

Nb3vSn layers which are grown on a textured surface,
4 whether by diffusion, sputtering, CVD, or coevaporation, might be
expected to exhibit texturing themselves. A directional relaticnship
between a clean Nb(110)substrate and Nb3Sn

diffusion layer was first reported in 1969 by Jackson and Hooker .20
However, few studies of preferred orientation and lattice registry

effects of Al5 diffusion layer materials (V3Ga and Nb3Sn) have baen

done to date. 27:28,29 A characterization by Diadiuk of the

surface properties of Nb35n grown by Sn vapor diffusion indicates

'} a definite relationship between the crystallographic direction of
the nicbium single crystal substrate and the properties and behavior
of the surface region of the overgrown Nb3Sn.29 Specifically,
there is a marked degradation of the superconducting properties of
layers grown on the Nb(1lll) substrate orientation compared to

those grown on non-Nb(1lll) orientations.

The goal of the present research is to investigate the
preferred orientation effects, structural and behavioral, in the

bulk of Nb,Sn diffusion layers as a function of the substrate

3
crystallographic direction. The evolution of preferred orientation

effects from the Nb,Sn surface towards the Nb35n-Nb interface

3

the the nature of the Nb,Sn-Nb interface itself are a particular , ;

3
emphasis of this investigation. The results of this investigation
can be expected to be of immediate application to applied super-
conductor technology as it relates to diffusion-processed wires,

tapes and microwave cavities.

(£
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This thesis is organized as follows:

Chapter 2 presents a background to understand the nature

of this project in the context of the overall research effort in the

study of Al5 materials, in general, and diffusion-processed Nb,Sn,

in particular. A brief description of the various experimental
techniques utilized in the research, with their respective advantages
and limitations, will also be presented.

Chapter 3 is a review of the actual experimental equipment

and techniques used to prepare and analyze the samwples.

Chapter 4 is the presentation of experimental results.
These are presented in terms of the particular investigative technique
employed and the crystallographic orientation of the niobium
substrate. Also included is discussion of the experimental results
in the context of previous and ongoing research in the area of

superconductivity.

Chapter 5 summarizes the conclusions drawn from this

research effort and makes recommendations for directions of further

research beyond the scope of this thesis. 3
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II. BACKGROUND

High field superconducting materials have been the source
1 : of many interesting and perplexing questions concerning their micro-
structure, superconcducting properties, and mechanical behavior.
Among the topics currently receiving attention is the interaction
between the substrate and an Al5 layer fabricated on it as it
relates to structure and to both the physical and superconducting
properties of such material. From a technological point of view,
superconducting composites (wires, tapes, and ribbons) and cavities
for high energy accelerating structures use diffusion processes in
the formation of Al5 material layers on various substrates. Thus,
knowledge about the influence of these substrates on surface and on
layer properties and structure is crucial to the successful commercial
utilization of Nb3Sn and other Al5 alloys. For example, Nb3Sn
composite wires under tensile stress often exhibit fiber breakages
th.ch initiate due to Kirkendall voids at the I\*D3Sn—bronze interface
where the Nb-Sn diffusion reaction takes place e Also super-
conducting microwave cavities coated with a 1\11333n diffusion layer
exhibit high rf lcosses and degraded Q values at regions thought to

be characterized by excessive stress concentrations 32,33,34,35

The relationship of substrate-layer :i.ﬁteraction to layer
stoichiometry, long range order and crystalline perfection provides
the impetus for investigation in this area by those pursuing
basic superconductivity research.

—
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Interest in a theoretical explanation of the phenomena of
superconductivity led after many years to the Bardeen, Cooper,
Schrieffer (BCS) microscopic theory of superconductivity which
sr._1ccessfully accounts for the second-order phase transition, the
cbserved electrical properties (no measurable resistance), and the
observed magnetic properties (perfect diamagnetism plus a Meissner
effect) of the superconducting state 3% mhe BCS theory links the
state to the existence of an energy gap in the excitation spectrum
of electrons due to an attractive electron-phonon interaction resulting

in a paired electron boson state.

The BCS theory and its strong-coupling extensions
predict that, given: N(0), the electronic density of states near
the Fermi surface; an average <w> and a mean squarc average <uw?>
of the phonon frequencies; an average of the electron-phonon coupling
matrix element over the Fermi surface <Iz>; and an appropriately
renormalized effective Coulamb pseudo-potential, u*, one can
accurately calculate the superconducting transition temperature, Tc’
for most metals .38'39 The parameter A, the electron-phonon
coupling constant can be introduced to reduce the number of required

parameters to threé, since

_ N(0) <12>

M <w >

A where M = ion mass

The formalism works very well for describing superconducting behavior
in .s-p band metals.3?40

However, an explanation of the superconducting behavior




of transition metals and alloys has proven more eiusive. 4142

Concern centers on those d-band alloys which form in the Al5
structure. (See Figure 2.1.) This structure has the stoichiometric
composition A3B where the A atom is a transition metal. If the

B are transition metal atoms, the Al5 generally has a moderate-to-
low Tc (<10K) , while for non-transition metal B atoms, the AlS5 may

be a high 'I'c superconductor (TC>15K) . The A atoms form three mutually
orthorgonal, nonintersecting chains and sit in the tetrahedral sités
on the faces of a body-centered cubic lattice of B atoms. The
highest Tc Al5s have been formed with Nb or V as the transition
-metal A atom; interestingly, Nb and V are among the elements with
the highest Tc's and are the only elements which are type-II
supercono:luctors.43 The Al5 structure normally can form over a
range of compositions close tovand including AsB. In particular,
the A5 phase field of Nb,Sn extends between 18 and 28 atomic % S

and is quite stable. See Figure 3.5 for the Nb-Sn binary phase

diagram.

Ashkin and Gavaler have observed a definite relationship

between T - stoichiometry and Al5 phase stability in the Nb3x

15 For a given alloy of

series where X is Sn, Al, Ga, Ge or Si.
this series the Al5 phase has the highest T, and within the Al5
‘phase the composition closest to A3B stoichiometry has the highest
Tc.' Additionally, the more ordered the material, the higher its
Tc' Furthermore, Tc increases in the series as the size of the

X atom decreases. The integrity of the Nb chains appears to be




Al5 UNIT CELL -- The A atoms form three mutually
orthogonal chains on the cell faces. The B atoms
are ofy the body-centered cubic cell positions.
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# critical to maintaining high T 's. The importance of these chains is
attributed to the overlap of the d-electron orbitals along the chains,
contributing to a high density of states near the Fermi surface and

& pseudo-one dimensional character to.the electronic properties1>5,4,14,45
Thus disorder in the chainswhere X atoms replace the Nb is thought

to destroy the one dimensionality and d-electron localization, thus

degrading T s

Additionally, phase instability arises as the X atom size
; decreases. In particular, the ordered stoichiometric Al5 Nb3X
_phases of lower atomic number become less stable and therefore
increasingly more difficult to prepare. For example, single phase,
high Tc Nb3Ge can only be formed by sputtering, CVD, or electron-

15 = compared to normal

beam coevaporation onto heated substrates
metallurgical processes (arc-melting, etc.) used to form Nb3Sn.
Smaller X atoms in the Nb3X Al5 compounds appear to lead to the
highest Tc's, but also result in an unstable lattice configuration.
Impurity stabilization appears to one solution to the fabrication
difficulties of such compounds as illustrated by the apparent

role of oxygen in stabilizing Al5 Nb3Ge,46r47,48

The pseudo-one dimensionality of the d-electron chains
might also be expected to contribute to a marked anistropy in the
upper critical field, Hoor through Fermi surface anisotropy and

Fermi velocity. 49 (Note: ch is also temperature and impurity

dependent.)49 Anisotropy in H 2 has been investigated extensively

3
as it relates to grain boundary flux pinning in Al5 conpounds?o'51"-lv23
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| Free energy differences (whose potential sources .:anlude inherent

! strains, impurity clusters or structural anomalies) across the

TN

grain boundaries result in an orientationally dependent free

energy which is linked to anisotropy in the upper critical field,

51
H 2
Kramer and by Foner have produced different conclusions about the

Actual measurements of ch anisotropy in VBSi by

magnitude of the anisotropy (Kramer finds a value of approximately

16% while Foner sees only about 3%). Thus, the importance of the

21,23

role of Hop anisotropy in flux pinning is unclear. However,

s e A e .

the importance of impurity effects is clearly demonstrated in

de Haas-van Alphen measurements on single crystal Nb3Sn by

Arko, et al., which shows an increasing H - anisotropy with

increasing sample impurity.52 Because the observed relationships

of H - to grain boundaries, strain fields, and impurities are

directionally dependent, one might expect preferred orientation

effects to manifest themselves in a detectable ch anistropy.

An example of the effect of microstructure on the super-
conducting properties of Al5s is the dependence of the critical

current density; J cr on grain size. It has been demonstrated

that J c can be enhanced by grain size refinement and by the

addition of fine precipitates of non-superconducting materials .11

It is not clear whether it is the precipitates themselves or

their effect on the grain size which increases J,.

Many Al5 phase materials exhibit anomalous elastic
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behavior and structural instabilities. Ultrasonic experiments for

both \73Si and Nb,Sn show a softening of the lattice upon cooling

3
which is arrested as the material passes through a structural trans-
formation temperature. (Tmfv 21K for V3Si and TmN 43K for Nb3Sn) 23
The structural changes are cubic-to-tetragonal martensitic trans-
formations, however, the transformation does not occur in all

samples of a given material fo:i‘, as yet, unknown reasons.53 A similar
structural transformation in Lézves—-phase vaz, a C15 material,

has been attributed to an electronic instability possibly associated
with internal-local-stress distributions.54  Martensitic trans-

formations have also been observed in other high T 8 Al5's such as

55 56
V3Ga™ and NbjAl ,Ge 5.

Before proceding with the discussion of diffusion-
processed Al5's, it is germane to define some of the terms which
will be used extensively. Fach grain of é polycrystalline aggregate
has a crystallographic orientation different from that of its neighbors.
Considered as a whole, the orientation of all the grains may be
randomly distributed in relation to some selected reference frame,
or they may tend to cluster to a greater or lesser degree about some
particular orientation or orientations. Any aggregate characterized
by the latter condition is said to have a preferred orientation or
texture, which may simply be defined as a condition in which the

distribution of grain orientations is nonrandom.>”’

The importance of preferred orientation lies in the effects




it has on the overall macroscopic properties of materials. Given
the premise that single crystals are anisotropic, i.e., have
different properties in different crystallogrephic directions,

it follows that an aggregate having preferred orientation nwst
~also have directional properties to a greater or lesser extent.
Such properties may or may not be beneficial, depending on the

intended use of the material.>’

Preferred orientation can be produced by the fabrication
process itself, such as rolling or swaging, or it can result
from forming the material on or in a structure which is highly
textured by previous plastic deformation or by virtue of being a
single crystal itself. When forming diffusion layers on the latter,
the substrate is perfectly ordered resulting in layers being
grown on specific crystallographically oriented substrates. In
this thesis research single crystal niobium substrates have been
utilized in two geometries, rods and discs, (see Figure 3.3 for
specific configurations) to take advantage of the availability of
orientations around the rod circumference and the larger planar area

of an oriented disc.

Epitaxy is a special case of preferred orientation.

Epitaxial growth refers to the ordered growth of a material on a

single crystal substrate where both substrate and overlayer have
compatible crystalline structures and very similar lattice

parameters.s8 Heteroepitaxy is the growth of a material which
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differs in structure and composition from its underlying sub-
strate on a single crystal substrate (as opposed to homoepitaxy --—
same structure and composition). Heteroepitaxial growth leads to
an interfacial misfit strain which is due to the difference in

the lattice parameter between the overgrowth and substrate. Up

to a critical thickness of the overgrowth, which can vary f£rom

50 A to 8 ym, this strain at equilibrium conditions is accommodated
by purely elastic deformation and beyond, by misfit-relieving

dislocations. 59

The value of this thesis research effort lies in its
contribution to a compreheﬁsive systematic investigation of the
relationship of the microstructural and behavioral properties of
diffusion-processed Nb3Sn overlayers to the orientational nature of the

substrates.

In the first study of possible orientational effects in
Nb3Sn Jackson and Hooker, in 1969, performed LEED studies on tin
films evaporated onto Nb(110) surfaces and heated to diffuse the
tin into the niobium. The authors noted that the first few
surface monolayers of the Nb38n film differed orientationally from
the film's bulk and concluded that true epitaxial layers of
Nb3Sn could be made on clean Nb(110) surfaces.26 However, in 1975,

Strozier, et al., in a similar study [a LEED and AES investigation

of tin evaporated onto Nb(110) and Nb(100) surfaces] did not
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observe a true epitaxial growth of the Nb38n on the Nb(110) and

Nb(100) surfaces.®®

Rather, the Nb35n grew in small crystallites
which were oriented in the plane of the Nb surface but randomly
oriented about an axis perpendicular to the surface. (This

arrangement is referred to as a fiber texture).

Jacobson, et al., have studied the microstructure of
electron-beam deposited Nb,Sn to investigate relations between
structure, composition, morphology and superconducting
properties.61 They found that Nb3Sn grows as fikers or colums,
with grains varying in size from 250 z‘; to 2000 ]: (finer grains
result from higher growth rates). Of notable interest is the
observation of a strong texturing suggesting a Nb35n<200> preferred
growth orientation. When excess tin was observed in the form of
NbGSn5 (body-centered orthorhombic structure), it appeared as
dome-shaped cones protruding above the film surface and surrounded
by an inhomogeneous, irregularly-sized Al5 grain structure exhibit-

ing twins and faults.®!

Diadiuk's characterization of NbSn diffusion layers grown

on single crystal Nb substrates seems to indicate a very strong
influence of the Nb substrate orientation on both the layer
surface and interior bulk layer properties. This work will he

discussed in more detail later in this chapter.zg

In discussing diffusion-processed AlSs, it is important

to recognize that diffusion-processed AlSs are of keen interest

A i MRS N OSEENA,




to researchers because of their numerous practical applications and
because of the interesting complexity of the diffusion process
iw;.self. Great effort is being directed at multifilamentary composite
wire fabrication by the bronze process, the external tin process and
the hollow tube method.2 In all three fabrication techniques

Nb3Sn is formed by solid state diffusion at elevated temperatures.
Thermal contraction mismatch between the Nb3Sn filawents and the
respective matrix induces compressive strains in the Nb38n which
must be overcome by the application of a tensile stress to maximize

its superconducting properties 62,63

However, the thermal
‘mismatch between Nb3Sn in contact with Nb is less significant.
Considering only thermal expansion, I\‘b3Sn made by diffusion at
1000 °C on a Nb surface would be subject to a mean tensile strain

of only about 1% upon cooling to room temperature§4

In addition to the attention given to composite wires,

much effort has been devoted to the study of lining cavities with

32,33,65,66,67,34,35

diffusion-processed Nb,Sn: The linings of such

3
cavities are made by the process of a heating the pure Nb lining

in a saturated tin vapor resulting in a Nb38n diffusion layer, the

thickness of which generally follows a parabolic growth equa-
68,65,66,67,34,35,69

tion. The resultant growth equation is:
x=k to'5 where x = layer thickness
t = reaction time

k = diffusion coefficient.
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However, difficulties have been encounted as the result of "bad spots"
in the Nb3Sn layer having effective T § 1IX and unacceptably high

10,67,34,11,72 The origin of these quasinormal regions

rf losses.
is not clearly understood, although several indicators point to
stresses possibly casued by oxygen impurities and/or by stresses
inherent in registry of orientations of the Nb and the Nb,Sn

layers, especially the Nb(11l) orientation.29/72,73

A study by Dickey, et al., of thin films of Nb,Sn on

3
Nb [tin evaporated onto thin polycrystalline Nb foils and the Nb (110)
face of a niobium single crystal, and heated to react the tin]
indicated a sensitivity of film properties to post-fabrication heat
treatment. The authors attributed this to competition between
diffusion of the tin into the sample and ré—evaporation of tin from
the sample surface.’? 1In optimizing formation, the authors chose
temperatures between 800 and 900°C to achieve a delicate balance

between loss of tin and sufficiently rapid formation of well-

ordered 'Nb3$n.

The kinetics of Nb3$n growth in niobiun-tin diffusion
couples (a diffusion couple is an asseanbly of two materials in such
intimate contact that each diffuses into the other’’) was studied
by 0ld and Macphail.”’® fThey found that the No,Sn growth was not
determined solely by a diffusion mechanism (the .5 exponent of

reaction time in the previously mentioned growth equation), but

rather a combination of diffusion and solution deposition mechanisms
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k| caused by the presence of liquid tin which depends on thermal gradient

0’36) . Easton and Krocger

0.32) while )

mass transfer of niobium (x=k t
determined a similar growth equation (x =k t
investigating the effects of Kirkendall voids in bronze-processed

Nb.,Sn nultifilamentary composite wires .30 Kirkendal voids form

3
at the filament-matrix interface because Sn diffusion into the

ot et e et s i -

Nb filament is accompzmied by vacancy flow in the opposite
direction. The vacancies coalesce and nucleate as voids and have

' been related to reduced mechanical properties, thermal instabilities,
and crack initiation in Nb35n maltifilamentary conductors .30 1
Although the diffusion reaction in this thesis research is believed
to have a to'5 dependence for layer thickness, the observations
and insights of researchers whose efforts indicate nonparabolic
layer growth equations are useful to understanding the basic :

diffusion process.

The microstructural characterization of the surface

properties of Nb3Sn diffusion layers grown by Sn-vepor reaction

with single crystal Nb substrates by Diadiuk indicates the
existence of a preferred crystallographic orientation in the
surface region of the diffusion layers corresponding to particular

orientations of the Nb substrates.2? Specific Al5 orientations

at the Nb,Sn surface were inferred from X-ray and reflection

electron diffractometry (RED) data.

SRR
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The microstructure of Diadiuk's Nb3Sn layers grown on
non-(111) Nb suvbstrate directions is similar to that observed by

60 61 4

Strozier, et al., Jacobscn, et al., and Kniesel, et al.,3

in that it is comprised of fairly uniform columar grains of approx-

29 However, layers grown on the Nb(11ll) sub-

imately 1 um size.
strate direction differ substantially. These layers exhibit
extremely rough morphology, have grains which are loosely packed

and uregular in size and distribution, and include actual micro-
cracks and pores in layers grown on curved subs’cra?ltes.29 Super-
conducting tunnel junction measurements indicate a degradation of
superconducting properties in the layers grown on the Nb(111)
substrate; additionally, Auger analysis s.hows high levels of

oxygen and carbon within the bulk of these layers relative to

layers grown on non-(111) bcc directions. The carbon impurities
remained in the absorbed state for the Nb(1lll) substrate orientation
at least 10,000 ;\ into the bulk while it changed from the absorbed
to a bonded state in the non-(111l) substrate diffusion layers within
100 I‘; from the surface. This evidence points to a relationship,
based on structural stress, between ND3Sn layers grown on Nb grains

of specific orientation and the observed quasinormal regions

("bad spots") in superconducting rf cavities .72

Preferred orientation effects previously reported
,(Jackson,zs Strozier, et al.,60 Jacobson, et al.,Gl) examined

only a limited variety of substrate directions [Nb(100) and Nb(110)].
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Togano has more recently reported texturing effects, determined
using X-ray pole figure analysis, in Nb35n and v Ga diffusion
layers fabricated on polycrystalline substrates. The pole

figure determinations illuétrate crystallographic texturing of the
Al5 layers corresponding to the boc substrate directions. The
textures found, however, were other than simple fiber textures
due to the polycrystalline nature of the substrate. 2728

29

In addition to the work of DiadiukK™ and Togano, et al. 27,28

the interaction of the substrate with an Al5 overlayer has also

: 17,1
been investigated by Dayem, et al. 8 The study was not of

diffusion-processed material, but substrate-induced quasi-epitaxial
growth of NbjCe on Nb,Tr and Wb, Rh. "Epitaxial" growth is not

used here in its normal meaning of an ordered growth on a single
crystal substrate where both substrate and overlayer have compatible
crystalline structures and nearly equal lattice pararneters.58
But rather, "expitaxial" growth refers, in this case, to the idea
of growing a polycrystalline film of a desired crystal structure

on a polycrystalline substrate of similar crystal structure. The
study showed that the range of Al5 phase homogeneity, with a
comnensurate enhancement of T,, was extended by growing NbyGe on
polycrystalline Nb,Ir thereby taking advantage of the compatibility
of lattice parameters and identical crystal structures 17.18
Engineering of a compatible "substrate" may occur naturally as in

‘e case of Nb3Ce films. Oxygen profiles in the Nb30e films of
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Braginski suggest that oxygen may act to expand the lattice into

serving as a compatible "substrate" for the remainder of the £ilm 47,48

Preferred orientation in polycrystalline materials can
be detected by various experimental techniques most of which
involve the use of X-ray diffraction. Variations in scaming
X-ray diffraction peak intensities as compared to a powder sample,
differing natures of Debye rings on X-ray pinhole camera photo-
graphs, nonuniformity in Debye~Scherrer patterns, and direct and
inverse pole figure analysis are the most commonly utilized

77 Reflection electron diffraction

X-ray indications of texturing.
(RED) also yields information which, when interpreted with the
necessary caution, can point to preferred orientation in surface
material. When preferred orientation is observed in diffusion layer
materials, lattice registry arquments are often useful in attempts
to match the substrate and overlayer structures, and to understand

e Such arguments

misfits in the corresponding lattices.
were used by Diadiuk, et al., to explain the association of
particular bcc substrate directions with specific Al5 diffusion

layer surface orientations. 29,73,78

Diffraction of X-rays can occur whenever Bragg's Law

ni=2dsin 6 (2.1)

is satisfied (where A is the X-ray wavelength, d is the interplanar
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spacing of the crystal and 2 0 is the angle between the diffracted
beam and the transmitted beam). In general, an nth order reflection
from (hkl) planes of spz;cing d' may be considered as a first-order
reflection from the (nh, nk, nl) planes of spacing d = d'/n.‘79

From the experimentalist's point of view, a continuous variation of
either X or 0 must be effected to yield information about the crystal
structure of the material. The main diffraction methods used in

this thesis are the Laue methods (fixed 6, variable 1) and diffracto-
meter methods (fixed A, variable 0), although information was also
gathered from pinhole photographs with monochromatic radiation

(fixed A, fixed 0).

The Lave method gives information about the crystal
orientation for single crystals (a patterh of spots geometrically
&dtermined by the crystal structure) and crystal structure (size,
quality and orientation of the grains making up the aggregate) in
polycrystalline materials. If one ultilizes a monochromatic '

X-ray beam with the Laue method for a material with a non-ideal
fiber texture parallel to the incident beam (this is the type of
texture present in most of the diffusion layers discussed to this
point), it is possible to generate Debye rings of uniform intensity.80
This is an exception to the general rule that uniform Debye

rings are associated with randomly oriented grains.

The X-ray diffractometer is an instrument for studying

crystalline materials by measurement of the way in which they

a1 e 4
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diffract X-rays of a known wavelength. The output of the diffract-
ameter is a strip chart recording of intensities of the diffracted
beam measured directly by an electronic counter. Diffractometer
scans can be used to determine crystal lattice pararcters, for

the determination of preferred orientation (when a powder

standard is available for comparison) and for the determination of
the phases present in a given sarple. Preferred orientation
determinations can also be made by coaxparison of peek intensities
with intensities from a randomly oriented powder sample on a
scanning diffractometer, or by various pole figure technicues

on a texture diffractometer, depending on the geometry of the
sample. A pole is the intersection of a crystal plane normal
with the surface of a reference sphere which encases the crystal.
A pole figure is a stereographicprojection, with a specified
orientation relative to the specimen, that shows the variation of
pole density with pole orientation for a selected set of crystal
planes.77 A sufficient amount of material must be present for

the X-ray to see a representative distribution of the grain
orientations in the aggregate. In the present thesis research the
Nb-Nb3Sn disc samples were of such limited size that at-;tempts

at pole figure anslysis proved unfeasible. However, efforts in
this laboratory are presently directed at the pole figure analysis

of Nb.Sn diffusion layers fabricated on polycrystalline Nb foils.

3
The current status of this study is presented in Appendix 3.
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It must be rerrt—:mberéd that X-ray diffraction is a tool
for the investigation of the bulk (-10's of ym) as compared to surface
1éyer information vielded by electron diffraction (~10's of ;\) . This
is due to the difference of the electron's mean free path in the

material as conpared to the longer mean free path of X-rays.

For a description of the general theory, information yielded
and limitations of the scanning electron microscops, energy disper-
sive X-ray analysis (EDX) and reflection electron diffraction (RED)
techniques utilized in this research, the reader is directed to
two doctoral theses recently completed in this laboratory by

h V. Diadiuk?? and J. Gregory,46 and references to listed therein.

|
4
i
|
1
i
?




e S e e T ¥ S o ; e S s o N Ay o ._ i ‘h- ,. _u, AR
E P

35

el i s o e e s it U A a e Rl o

| III. EXPERIMENTAL

This chapter describes the experimental procedures followed

ik

in the fabrication and subsequent analysis of Nb38n diffusion

layers. The objective of this thesis research is to examine the ]

relationship of correlations between structure and properties of the

Nb.Sn layers and their underlying niobium substrate orientations ,

3
to processing variables such as layer thickness, niobium geometry

and diffusion reaction parameters. There is particular interest in

information concerning the nature of the registry between the

Nb38n and niobium lattices.

The general experimental protocol is to fabricate a Nb38n
diffusion layer on a single crystal Nb substrate, measure its Tc
inductively, and ¢ tain X-ray diffraction data, including diffracto-
meter scans and back-reflection pinhole photographs. (Direct X-ray

pole figure analysis was attempted on several samples, but the

e RS SR,

9 ‘ . .
| geometric constroint of small sample size prevented collection of any

b | relevant data. See Appendix 2,) Scanning electron micrographs and

energy-dispersive X-ray measurements are then made to characterize

the morphology and bulk chemical composition of the sample. Also,
reflection electron diffraction (RED) is done on selected samples.

The crystallographic directions of the Nb single crystal substrates

is a convenient basis for categorizing of the results of the

various investigative techniques.

Figure 3.1 is a flow chart which illustrates the general |




FIGURE 3.1 — Flow Chart of General Experimental Protocol
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E 1 experimental protocol described above More detailed descriptions

of specific techniques follow.

Nb3Sn Sample Fabrication29

| Single crystal niobium used for sample substrates are grown
using an ultra-high vacuum electron beam floating molten zone
technique. 81,82 qpe starting materials for the nicbium single crystals

are 3.2mm and 4.6mm polycrystalline niobium rods from the Fansteel

Corporation and Wah Chang Albany respectively, and both starting
stocks are 99.9% purce. Spectroscopic analysis of typical niobium

stock received from these companies shows the major impurities to be

Ta (~250 ppm), W (<100 ppm) , HE (<100 ppm), Zr (<50 ppm), Mo (<50 ppm),
Fe (<50 ppm), O (~50 ppm), and C (~30 ppm). However, the zone
refining which takes place during the crystal growth itself has
considerable purification effects .83 Fabricating a single crystal
begins with approximately 15 cm of the polycrystalline niobium rod.
In the case of the 3.2 mm diameter rod, a 2.5 amn single crystal (110)
seed was available to aid the initial growth. In the 4.6 m

| diameter rod case, a succession of growth passes finally resulted

E| in a (110) crystal. Initially a polycrystalline rod is outgassed

at approximately 1500° C in a vacuum of 5 x 107 pa. Several growth
passes are then made (growth speeds are approximately 2.5 cm per
hour) with the final growth pass at pressures in the low 1076 pa

range. This technicue allows onc to grow a single crystal which is

relatively free of impurities and has a structurally smooth, stress

free :surface.83 The cylindrical axis of the final single crystal |
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rods (3.2mm and 4.6mm diameters) is oriented along the Nb(110)
direction; therefore all major bcc symmetry orientations, (100),
(110), (111), and (211), are present at the cylinder's circumfer-

ence. See Figures 3.2 and 3.3.

The single crystal cylinderé are then cut into two sub-
strate geometries: rods and discs. The rods are simply 9-12mm
sections cut from the as-grown cylinder. The discs are made such
that their planar faces are perpendicular to the major becc crystal-
lographic directions., Cutting is done with a string saw (.13mm
nichrove wire and #600 silicon carbide grit). The disc faces are
then mechanically polished utilizing #320 and {600 wet~dry silicon
carbide paper, a .3 micron alumina polishj_nq.‘ wheel and a .06 micron
alumina polishing wheel in succession. Finally, the discs are
chemically etched with hydrofluoric acid until no mechanical damage

is observable at 40X magnification with an optical microscope.

The actual Sn diffusion processing of the Nb substrates
is done in an evacuated quartz ampule by a technique originally
developed by the Siemans Laboratory in Germany.65 In a quartz tube
of approximately 2 cm diameter equipped with a tin well, Nb sub-
strates are supported away from the walls of the quartz tube by
holders of Nb wire and foil. See Figure 3.4. The supports for the
rod substrates are .76mm Nb wires wrapped tightly at the rod ends

and coiled in a larger radius away from the rod's end. The disc

substrates are wedged between {wo spot welded .76mm Nb wires bent
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in a hair-pin shape and subsequently spot welded to a slotted .12mm
thick Nb foil. The Nb foil has a slot cut ocut in order to expose

the planar surfaces of the discs to the Sn vapor for reaction.

The quartz tube, with the Nb substrates in position, is
mounted to a 200 liter/sec Ultek ion purp via a metallic flange
fitted to the end of ‘the quartz tube. Before placing the tube under
vacuum, it is necked down between the mounted substrates and the
metallic flange to approximately 2mm in diameter using an
acetylene-oxygen-hydrogen torch corbination. The purpose of the
necking is to facilitate sealing of the quartz tube once it is

under high vacuum. The ion pump is then started and the quartz

tube is baked at 125° C in the 107° pa pressure range to drive off

residual impurity gases from the tube walls. The necked portion of
the quartz tube is now sealed, again utilizing the acetylene-
oxygen-hydrogen torch combination. (Note: the necking and sealing
procedures are extremely difficult due to the high melting point

of quartz.)

The evacvated quartz ampule and samples are then heated to
980-1010° C in a Marshall horizontal tube fu:mace.‘ The tin well is
resistively heated at the same time to produce a tin saturated
atmosphere. The resistive heater is made of .25mm platinum-

40% rodium wire windings in an alumina cenent bowl which fits under
the tin well and .5mm platinun~40% rhodium wire leads to a DC voltage

source. The resistive heater has 0.5 amps of current applied to
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4 raise the temperature of the tin well approximately 30° C. (This
current is optimal for diffusion layer fabrication) .85 The

résistive heater, quartz ampule and a thermocouple to monitor the
baking temperature are inserted into a 4.1 cm quartz cylinder and

slid into the furnace which had been preheated to 1000° C for

2 4
PSSO B A S SRR Wi

approximately six hours. The quartz ampule should be centered
in a region where the tarmperature variations over the ampule's
length are within acceptable limits according to the phase diagram.

(See Figure 3.5.) Determining the specific nature of temperature

e e i A e e

: | gradients proved problematic to this author's samples. After the
quartz ampule and its ancillary equipment have baked in the furnace

for the desired time, they are pulled quickly from the furnace to

quench them to room temperature. (Note: When the author co@led one
sample set, 9115*, in the furnace, virtually no Al5 phase material
remained after cooling.) Care must be taken in removing the ampule
from the furnace because there is a possibility of sloshing the

still molten tin onto the reacted samples. (This was done on one discof
sample set 9141%.) The reacted samples remain in the sealed quartz

ampule until analysis begins.
Diffusion calculations can estimate the thicknesses of Nb3$n
layers for various fabrication temperatures and times. The thickness

of the Nb,Sn layer is estimated from:

3

*See Chapter IV and Table II, the Master Data Table, for the sample
nurbering system. :
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E a=2 bt where d = diffusion depth (cm), i
2 t = time (sec),
,_' ; D = diffusion coefficient (cmz/sec) :
; and :
‘ E D= DO exp(-Qo/RT) where D0 = D(r=0) and T = temp (° C),
E | R = 1.987 cal/mole ° C ,
! Q = activation encrgy.
; Relevant data: T = 1300 - 1350° C, 1
D0 = ,022 a'nz/sec, 4
0p = 55.4 kcal/mole 80
Experimental conditions: T = 1000° C
Q0 = 42,7 kcal/mole (extrapolated) ,87 i
t S 20 hrs,
tmi.n = 10 min.
Calculations:
i i 3 3. . =11 _2
D = .022 exp (-42.7x10/1.987x1.0x107) = 1.067x10 cn
a(20 hrs) = 2 v1.022x10"11x20x3600 = 1.72x107> cm
=17.2 m
and d(10min) = 2 vV1.022x10™1x10x60 =1.600% em
= 1.6 um
N The reason for the temperature range listed under relevant data
!
! is that this is the temperature range for which D0 and Q0 were
‘ determined. The experimental conditions call for T>930°C so that
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the reaction takes place in that portion of the Nb-Sn binary phase

diagram where the only allowable solid solution of niobium and tin
is the Al5 phase Nb3Sn.44 (See Figure 3.5.) The actual thickness
of the calculated 17.2 um r~1b3Sn layer fabricated by Diadiuk was
confirmed experimentally to be ~17um by anodizing across the
cross section of a sample and toking advantage of the different
color of an anodic film on Nb from that on I\"bBSn to optically

29

estimate the Nb38n thickness.

The following sample sets (see Table II) conprise the basis
for this thesis investigation. Diadiuvk's 17.2 pm thick layer sanple
set (fabricated as described above) is used as the author's sample
set of maximum layer thickness. Diadiuk's sample set included four
discs of each substrate orientation cut from a 3.2nm diameter Nb
single crystal. The author's sample sets, fabricated with layer
thicknesses of 12.1 um, 2.2 ym, 2.9 wm, and 1.6 um, included one
disc of each orientation cut from the 4.6Gumm diamater Nb single cfysta.l.
A 17.2 um thick layer set (9115) was attempted by the author, but
improper quenching (i.e., allowing the quartz ampule to cool slowly
in the fummace) prevented the formation of any useful Al5 phase
material. There are two 2.9 im sample sets: one set (9152) was
made at an undetermined temperature considerably higher than 1000° C
(estimated to be ~1150° C). The absence of a sample set of layer
thickness ~8 ym is an oversight of the author. It is inpractical to

make samples thinner than 1 um by this Sn diffusion process due to

A AV A S T
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the extremely brief baking period necessary. One disc in the 12.1 ym
sample set has an excess of free tin due to sloshing of tin fiom
the well uypon removal of the quartz ampule from the furnace. Some

of the data is therefore unavailable on this sample.

Sarrple Analysis

Upon ramoval from the anpule_, the rod shaped samples are
examined utilizing a back-reflection Laue photograph (tungsten
X-ray tube) of the rod's end through the Nb3Sn layer and referencing
the indexed photograph to a fiducial mark placed on the rod in order
to determine specific Nb substiate directions at the N-b3Sn collar
circunference. These X-ray photographs reveal circular rings of
fine dots which correspond to reflecting planes of the N}338n
polycrystalline layer on the rod's end. After the ends are subsequently
polished (#600 wet-dry silicon carbide paper), etched (HF acid)
and rephotographed, one also sees very clearly the geometric pattern
of spots corresponding to the Nb(110) single crystal rod substrate.

The rings in this second photo are indexed for orientation as describad

above.

Te

—

Sample analysis started with inductive measurements of

the superconducting critical transition temperature, T- Standard
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inductive rigs are used with a 20mV 400 Hz ac signal applied

to a primary coil and a phase sensitive detector to receive

signals from a secondary coil. (Both rigs utilized were designed
and build by I. Puffer). As the sample passed through its transi-
tion from the normal to ths superconducting state, the change in
its magnetic susceptibility is detected in the secondary coil. A
germanium cryo-thermometer, kept in thermal contact with the sanple

and calibrated from 4K to 25K, measurcs the tenperature during the

' ’ run. The sample is cooled in a licuid helium bath and warmed

2 via a resistively heated copper can encasing the coils and sample
holder. The sample and the cryo-thermometer are allowed to reach
thermal equilibrium near the transition kefore going through the
transition to prevent any time lag in the thermometer reading as the
transition is made. Cooling and heating curves have negligible
(2.2K) hysteresis when this procedure is followed. The signals
monitored for all sample thicknesses are of the sane order of
magnitude and were generated with no great difficulties. However,
not all samples show the expected 9.2K transition for the Np., ©See

Chapter IV for a discussion of this behavior.

X-ray Diffraction

The X-ray diffraction studies are carried out in this
laboratory on a General Electric XRD5 diffractometer, a Siemans
texture diffractometer, and a General FElectric/Polaroid back-

reflection pinhole camera apparatus.

- " " I i ol




PR el LB i sl

S 15 i A s

49

X-ray diffractometer scans are made only on the disc samples
because the small diameter rounded surfaces of the rod samples are
not conducive to scanning diffractometer techniques. The samples
are scanned from 20 = 20° to 20 = 120° with filtered Cu radiation
to take advantage of the several uses of diffractometer scans. X-ray
diffraction is a bulk investigative technique and one would expect
to see (and indeed does) diffraction patterns corresponding to the
Nb substrates as well as the Nb38n diffusion layers. By running
separate scans of pure Nb substrate discs and scans of glass mount-
ing slides and adhesives, their patterns are identified and can be
subtracted from the sample scans to facilitate analysis. The only
peaks which cause difficulties in this vein are those caused by
the Nb(110) substrate and the Ag conducting paint used as an
adhesive, both of which occasionally cbscure the Al5(210) peak.

The presence of any other meaks in the scans other than those
belonging to the Al5 phase Nb3Sn, the Nb substrate, or the glass
mounting slide and acdhesive, would have indicated second phase
material in the sanple. An ancmalous peak does appear in some samples
(with no discernable regularity) at 20 = 37.6° (d = 2.39 Zz) which
corresponds very closely to the (026) reflection of Nb6Sn5. However,
no other NbGSn5 peaks are present in the scans and identification

of this single peak as evidence of second phase material is

unsuppor table.

Conparison of integrated peak intensities of the sample
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| scans with a scan of single-phase Al5 325-Mesh Nb3Sn powder sample
(prepared by Dr. Stuart Cogan) is made to determine the existence
of preferred orientation in the diffusion layers. Peak suppression

cr enhancement provides the key to this determination. (Integrated

intensity measuvrements were made by cutting out each peak from the

strip chart recording and weighing the cut outs on a Mettler H31l

balance.)

Lattice parawster measurements are also made to determine

trends in the lattice parameter as a function of the substrate

i crystallographic orientation and layer thickness. Because the

Bragg Law (Fg. 2.1) shows interplanar spacing, @ (and therefore

ags the lattice parameter) to be a function of sin 0, precision in

d depends upon precision in sin 0, a derived quantity, and not

upon precision in 0, a measured quantity. It is therefore important
to make angular measurements for use in lattice parameter determination

as near to 0 = 90° as possible to take advantage of the fact that

sin® changes very slowly with 0 at these angles.

Back-reflection pinhole photographs are made using Cr,

Co and Cu radiation, allowing one to sample various depths (ranging

from ~9 um to ~30 ym) of the specimen. For shorter wavelength

(i.e., decper penetrating) radiation one expects (and does see)

the single crystal Nb substrate Laue pa'tern. For longer wave-

lengths, the Debye rings of the polycrystalline Nb3Sn become 5

visible. These rings are indexed to the Mn3Sn reflecting planes




©
utilizing the standard lattice parameter value of 5.29 A. o

A typical photograph contains four to six continuous rings of
uniform but very weak intensity. Most photographs were taken

a Cu X~-ray tube at 27 kV, 15 nA and a 20 minute exposure with

Type 57 Polaroid film. After etching Diadiuk's 17.2 im thick layer
discs with a solution of !.'1[’:1}??03:1120 - 1:1:1 for 10 seconds, the
photograrhs again reveal the rings superimposed on the single

pattern of the respective Nbo substrates.

Sample analysis was atiempted on a Siemens texture diffracto-

meter using the Schulz reflecticn method to determine direct X-ray
57

-

pole figures. This determination would have combined with
diffractometer scans to give a conclusive picture of any preferred
orientation, however, the sample geometries (i.e., too small to
generate meaningful, detectable X-ray signals) curtailed any
definitive pole figure analysis. However, efforts in this laboratory

are presently directed at the pole figure analysis of Nbh “n diffusion

layers fabricated on polycrystalline Nb foils. The cur status

of this study is presented in Appendix 3.

SEM and EDX

The Mark IIA Canbridge Stereoscan at M.I.T. was used to
investigate the morphology and microstructure of the Nb3sn samnples.
Disc-shaped samples are analyzed four at a time, mounted on a

rotating sample holder. However, rod-shaped samples have to be
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removed from the SEM specimen chamber and manually rotated between
desired orientations. Samples are examined initially at a low
magnification (500X - 1000¥) to inspsct general structural features
and then at higher magnifications (10,000X - 20,000X) to ghserve

specific details of the microstructure.

Each sample also has an EDX scan teken to determine :
chemical camposition. The detected X-rays originate approximately
1 to 1.5 ym deep in the specinen so that identification of specific
elements is an analysis of the sample's bulk composition rather :
than that of its surface. The EDX output gives information
concerning relative concentrations of individual elements. Absolute
elemental concentrations can be determined only if a known standard
specimen is available for cumparison. A portion of a single-phase

Nb,Sn arc-melted button was utilized in this study as the

3
standard and allowed the author to determine the Sn composition

of samples to an accuracy of *1.0 atomic per cent. (See Table II.)

Selective chemical etching of the rod samples was performed

in order to expose the Nb—Nb35n interface for observation at

o

various magnification in the SEM. The rod samples were cut in two
geometries: along the cylindrical axis, and perpendicular to

this axis, in an attempt to get two perspectives on the interface.

The cut sections were mechanically polished with #600 wet-dry

silicon carbide paper, a .3 micron alumina polishing wheel, and

finally a .06 micron alumina polishing wheel. They were then etched

e
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by one of two methods: either by dipping the sample into the
etchant for the desired time or by applying drops of the etchant to
the sample surface and allowing the surface tension of the drops to
hold them in place as they chemically attacked the sample. The drop
methed normally proved more effective than the dipping method,

although neither were readily reproducible.

The dipping etchant protocol was: 30 minutes of HF acid,
followed by 1 minute of BF:HO5 - 1:1, then 2 minutes of HF and
finally a 5 minute acetone ultrasonic bath. The HF:HNO3 combination
is extremely powerful etchant of Nb35n while HF attacks the Nb
alona and is used to remove any oxides left by the nitric acid
(nonconductive oxides are detrimental to clear SEM analysis). This
protocol gave the revealing electron micrographs shown in Figures 4.19
and 4.20. Other etch protocol were also tried, e.g., combinations
of HF, HF:I-INO3 (L1, 2:1), HE‘:HNO3:H20 (1:1:1), and HF. Times
varying from 5 to 30 minutes of straight HF and from 5 seconds to

1 minute of the HF:HNO, combinations could expose the Nb—Nb35n

3
interface as clearly as in the above figures. The problem of the
proper etching “echniques to examine the interface can possibly

be solved by judicious use of new, fresh, uncontaminated acids in

a carefully controlled and clean experimental environment.

o los ol died i, LA 4
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The reflection electron diffraction experiments were carried |

out on the Philips transmission electron microscope at M.I.T. Best
pattern definition and least background radiation were obtained

on Diadiuk's disc samples at beam energies of 60 ke V and on disc
samples VD Nb

Sn-Nb(111), VD Nb,Sn-Nb(211) [both etched as describad

3 3
in Chapter IV], and 9141-D-111 at beam energies of 80 ke V. Although
RED pattemns were obtained from the planar surfaces of these disc

samples, and from these patterns Al5 crystal structure was confirmed |

in the layer, the faintness of the diffraction rings cbserved suggested

that preferred orientation in the sanples could be only very |

cautiously inferred. The Nb38n diffusion layer rods could not be
studied by RED because the electron boam, incident on the sample
at glancing angles of ~3°, produces too large a beam spot to focus

over the curved surfaces of the rods.89
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IV. RESULTS AND DISCUSSION

This presentation of experimental results will generally
follow a dual format, correlating sanples of a given Al5 layer
thickness and correlating sarnples fabricated on substrates of the
same bee orientation. "Sample set" refers to a groupof rod-shaped
substrates and their associated, oriented disc substrates reacted
at the same time in the same quartz ampule. Tsble II is a Master 3
Data Table of all sampleslcorprising this study. The 17.2 um
thick Al5 layer samples of V. Diadip_‘v; are designated by VD Nb3Sn -
Nb(h k 2); the author's samles are designated by the Julian date
of fabrication and substrate geometry (D=disc, R=rod), followed by
the (h k &) orientation of the underlying boc substrate for the 3
disc samples and a 1 or 2 (1=4.6 mm diameter substrate, 2=3.2 mm diameter
substrate) for the rod sawples. Tor example, 9192-D-111 refers to

a sanple fabricated on 11 July 1979 which is a disc~shaped Nb ?‘

substrate with the bee-(111) orientation perpsndicular to the planar
face; 9141-R-2 refers to a sawple fabricated on 21 May 1979 that is

rod-shaped and 3.2 mn in diameter.

Figures 4.12-4.15 and Fiqures 4.23-4.27 present data for
discs in terms of the four major bee orientations shown on the standard
bece-(110) stereographic projection of Figure 3.2. This presentation

allows one to make a more immediate orientational correlation of the

data.




TABLE II

MASTER DATA TABLE

T (°K+0,2°K) ATC EDX LATTICE
5 % &n PAPAMETER  COMMENTS
SAMPLE . PHICKIESS  ONSET FINISH (*K) (+ 1.0%) (+.0001lnwm)
(¢ 0.5pm) o 5

VD NbJSn—::b(lOO) 17.2 gim 177 16_.9 0.8 0.52849.
VD NbJSn-::b(UO) 17.2 gm X7 5 16.8 0.7 0.52941
vD r:lJ3Sn—:.'.>(111) 17.2/'1::\ 18.0 16.2 l.8 0.52959
vD Nb3Sn-?1b(211) 17.2 pm 18.0 17.7 6.3 0.52879
9115-R~1 17.2 pm 361 12.4 =

9115-R~2 17.2 pm 18.2 14.0 4.2

$115-D-110 17.2 pm no Al5 transiticn

$141-R-1 12.1 pm 16.0 14.4 a
9141-R-2 12.1 ptm X7.3 15.7 a
8141-D-100 12.1 pm 16.8 13.8 3.0 0.52974
9141-D-110 12.) pm 17.2 17.0 2 b
$141-D-111 12.1 Ae 16.4 16,0 0.4 0.53033
9141-D-21) 12.1 /u.i 16.4 15.6 8 0.52960

9152~R-1 2.9/:m 15.7 15.2 a
9152-p-2 2.9 pn 16.0 14.4 1.6 a
9152-p-100 2.9 pnm 16.3 16.0 3 0.52957
9152-p-110 2.9 pm 16.2 S 35.7 5 0.52920
9152-D-111 2.9 um 16.7 15.7 1 0.52993
9152-p-211 2.9/lm 17.2 13.8 0.52¢989

9)92-R-1 2.9 pm 15.6 14.7 a
9192-R-2 2.9 um  14.5 12.7 a
8192-D-100 2.9 g 15.9 14.4 0.52896
9192-p-110 2.9pm  16.8 15.7 0.52897
9192-p-111" 2.9pum  17.3 16.0 0.52969
9192-D-21) 2.9 pum 17.8 17.5 0.52938

8197-R-1 1.6/4m no Al5 transition a
9197~-R~2 3:6 3 no Al5 transition a
9197-D-100 1.6Fm 17.7 14.2 3.5 0.52732
9197-p-110 1.6 um 17.8 10.0 7.8 0.52647
9197-p~111 l.6pm  17.0 16.0 1.0 0.52870
$197-D-211 L6 um 17.8 16.7 1.1 0.52725
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NOIES ON TABLE II -- MASTER DATA TASLE

lattice parameter measurements were not made on rod
shaped sanples.

lattice parameter measurenents were not made on this

disc shaped sample.

an excess of free tin on the surface caused by accidental
sloshing of molten tin during febrication gave an
unusually high EDX tin composition and cbscured a s
nmeasuranents.

these samples were fabricated at an unknown temperature
above 1000°C (estimated to be approx. 1150°C) due to a

fanlty monitor thermocouple.

low EDX tin compositions can be attributed to the

1 to 1.5 ua penetration depth of the EDX measurement
and the thin nature of the diffusion layer.

indicates sanple with an observed 9.2K Nb transition
on the superconducting transition temperature curve.




T o Measurements

Inductive T, Measurements of the superconducting transiticon
ténperatures were made as described in Chapter 3. The values
presented in Teble IT (Master Data Table) are the transition
onset (T corresponding to 1% of transition magnitude), transition
finish (T corresponding to 99% of transition magnitude), and
transition width (A'I'c = T onepr ~ T FINT SH) in degrecs Kelwvin.
However, in cases of thick Nb,Sn layers on discs the Nb transition
was generally not cbserved. Perhaps when this geometry of AlS
layer is sufficiently thick, it screens the transition of the lower
transition temperature nichium interior fram the detecting coil.
Multiple transitionswere cbserved both for the AlS5 layers and for
the niobium crystal in some cases, as might be expacted for a sanple
configuration consisting of both elemental Nb and Nb,Sn. (See
Figure 3.3.) The sanmple rods and discs with thinner layers generally
exhibited this behavior. The 9.2K transition of the Nb provided a
check on the accuracy of the NbsSn transition (£0.2K). The magnitude
(vertical curve displacement between the onset and finish tenperatures)
and shape (slope of the curve) of the transition are generally
thought to depend on the volume of the sample with a given Tc and on
the uniformity of the sample composition, respectively.74 Since
the magnitude of the transitions in these samples are all of the same
general size, suggesting that the variations in diffusion layer

volume fall within the same order of magnitude (which they do), it




must be that the supression of the Nb transition signal is sensitive

to very small differences in Al5 thickness. The 1.6 ym thick Al5

layers appear to be the threshold of thickness above which the

diffusion layer discs do not exhibit a Nb transition. The slcopes
of the transition curves are all relatively smooth which means

there were no significant volumes of second phase material other

|

|

g

i than AlS.
i Some very interesting trends exist on Tc (both onset

and finish) as a function of Al5 layer thickness as illustrated

in Figures 4.1 and 4.2. For a given (h k £) of substrate the TS
appear to fall into "thickness regimes". Variations in 'I‘c for each
substrate seem to occur as the layer thickens from one regime to
another. These thickness regimes extend approximately as

follows: 1 to 3 um, 3 to 9 um, 9 to 15 im and 15 to 17 wm; Values
of T s finish for all thicknesses tend to show much wider variations
than do the T onsets. Since T, finish is probably associated with
the lowest quality Al5 phase material, the large variations suggest
that in situ annealing during fabrication may be significant.
Certainly, the short fabrication time of the 1.6 um layers may mean
the incomplete atomic ordering and the unusually wide variation in

Te finish.

There is, within the thickness regimes, an apparent
hierarchy of Ty value according to the substrate (h k ). For the
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1 to 9 ym and 15 to 17 mum thicknesses, layers fabricated on Nb(211)
substrates have the highest T, onset and Ty finish values; in

the middle range, 9 to 15 wm, Al5 layers on the Nb(110) have the
highest To values. Of particular note is the To insensitivity of
the Al5 layer on the Nb(11l) substrate to layer thickness: Tc

onset is ~17K and T, finish is ~16 K for all thicknesses. The
consistency of these valucs may be indicative of relative homogeneity
of the Al5 material across the layer's thickness as compared

to material on cther No(h k £) divections.

The plots of transition width (ATg) versus layer thickness
in Figure 4.3 for each Nb(h k £) substrate bear this out: T, for
layers on Nb(11ll) substrates is consistently -~1K. Interestingly,
ATc's of layers on Wb (211) substrates are of this same size even
though the T onset and Ty finish velues are variable for this
substrate orientation. At the other extreme, variations of ATq
with thickness of layers on Nb(100) are unusually high. This
sensitivity of ATs to layer thickness in this case may relate
to the two other ohservations: for the 2.9 m Nb3Sn layers, the
increased fabrication temperature (>1000°C) of sanple set 9152 as
compared to 9192 resulted in depressed Te onsets and finishes for
all Nb (h k ¢) substrates, except the Nb(100), where T, increased;
in the 1 to 9 ym thickness regime, Nb3Sn on the Nb(100) substrate

sientation has the lowest valuc of Tg onset of any Nb(h k )

substrate.

B
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Lattice Registyy

At this point, befcre embarking on presenting results
pertaining to structure of the Al5 layers, it will be bereficial
to subsequent remarks to interrupt the discussion of experimental
results in order to present some ideas concerning lattice registry
between the No bcce lattice and the Nb38n AlS lattice. Examination
of Diadiuk's 17.2 wm diffusion layer surfaces, which are also
the initial growth surfaces of these loyers, with RED indicated
preferred orientation effects in the N‘D3Sn corresponding to
specific underlying bce substrate orientations. (See Teble III —-
This RED determination will be discusscd later in this chapter,
along with the author's RED results). In order to account for
these experimental results, geomctric arguments for lattice registry
were employed by Diadiuk to suggest possible specific bce-AlS

lattice associations .29

The calculations of Figure 4.4 show how one might use the
interatomic spacing of the various plenes to analyze possible matchups
of the bcc and Al5 lattices. Diadiuk's inferred matchups from her
RED results were: bce~(100) ||A15-(110), bee-(110) | |A15-(100),
bee- (111) | |A15-(111) , bee~(211) | |A15-(110).  The precision of these
lattice fits are expressed on Figure 4.4 as the percentage of the AlS
distance by which the registry is non-ideal: positive percentages
involve lattice contractions to match to the Nb lattice and negative

percentages refer to the need for AlS lattice expansions to matchto the

underlying Nb.
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Subsequent consideration of Diadiuk's registry associations
and the availability of the author's RED and X-ray results (discussed
later in this chapter) have allowed testing of the viability of
these lattice registry associations both by geometrical simulation

of the lattice in 2 dimensions and by monitoring of preferred orientation

effects as  layer thickness is varied. Diadiuk's bee-(110) | [A15-(100)

and bee-(L11)] |A15-(111) registry associations have been confirmed by
the simulation; however, simulation of the proposed lettice

registry associations for bee-(100) and bee-(211) to the AlS5 were
unsuccessful. 2An attempt to fird a registry association by a

similar simulation for a bee-(h k £) | |Al5-(210) was also unsuccessful.
This attenpt was motivated by the unusually high ¥-ray intensities

of the Al5 (210) pecak noted in several diffractometer scans

(e.g., see Figure 4.26).

Further consideration of lattice registry associations
and preferred orientation effects in the Nb4Sn layers will be
made in the course of discussing the natures of the microstructure,

surface structure, and bulk structure of these layers.
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Lattice Parameter and Composition

The lattice paramcter of the AlS phase Wb Sn was deternined
by measuring the d-spacing of several peaks in the X-ray diffracto-
meter scans. Appendix 1 lists the specific peaks used to
calcqlate the lattice parameter of each disc sample. As many high
angle peaks as possible (those with sufficient intensity to allow
positive h k ¢ identification) were used in order to minimize
errors between the observad value 0 and the value used in the nuvecical
calculations, sin®. See Table II (Master Data Table) for a

tabulation of the lattice parameters.

A plot of lattice parameter vs. Al5 layer thickness
(see Figure 4.5) reveals that for all layer thicknesses, a,
(lattice parameter) of Nb35n on a Nb(1ll) substrate samples is
greater than ag for 1333Sn on non-Nb(111l) substrates. A possible
basig for this behavior may be the comparatively high and pervasive

level of impurities for Al5 on Nb(11ll) observed in Auger profiles

of the 17.2 um by Diadiuk.24 These impurities may contribute to

the lattice expansion and thereby the stability of the Al5 structure
which grows on the Nb(11l) substrate.

The numerical values of a, for all substrate orientations
appear to be similarly bchaved to one another for all thicknesses.
The behavior defines two thickness regimes: in the thinner,

1.6 um layers, all exhibit a reduction in age but it is particularly

marked in the case of the layers on non-Nb(11l) substrates. The
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reduction in a, may come about because for such a thin laycr, lattice

registry influences on layer structure and morphology at the

Nb38n growth surfaces46 play a relatively larger role in detcrmining

the resultant average value of a determined by X-ray analysis of
the layer than is true for thicker layers. That the reduction is
more severe for the non-Nb(11l) substrate sample layers seems con-
sistent with the fact that the Nb38n Jattice, during initial layer

formation, in these cases, must contract to fit the bcee lattice

thus adding to the total reduction.

Of interest is the observation that the lattice paraneters
of the 2.9 ym thick layer samples fabricated at a temperature
greater than 1000°C (sample set 9152) are consistently greater for
a given Nb(h k #) substrate than their counterparts in the 9192
sample set (also 2.9 um thick, but reacted at 1000°C). Since larger
grain size also results from fabrication at higher tenperatures
(see Microstructure Section), perhaps there is also a better
developed lattice parameter. 'Thus, as the X-ray averages the
lattice parameter over the layer thickness, the relative inpact of

lattice registry influences at the growth surfaces are mediated.

Figures 4.6 and 4.7 are plots of T, onset and T,
finish respectively vs. lattice parameter for each Nb(h k g) substrate
orientation. The T, onset for layers gucwn on the Nb(11l) and
Nb(211) reaches a maxinmum over the range of measured lattice parameters,

while they dip to a minimm for N»3Sn layer on Nb(100) and Nb(110)
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substrates. The Nb (211) substrate layer reaches a maximum Tc

onset near an ag of .5285 nm and drops precipitously beyond .5293 nm.
Peaking behavior occurs in To finish of these Nb(211) substrate
layers corresponding to an ag of ~.5288 nm. However, then o

finish drops off sharply for larger a, values. T onset is

reached near an a ks of .52%96 nm for the Nb(1l1ll) substrate layer in
keeping with the possibility of the quality of the Al5 layer

depending on impurity-induced lattice expansion in these layers.

The behavior of To finish for layers fabricated on the Nb(11l)
substrates is relatively insensitive to variations in a, justas
it was insensitive to layer thickness. Thus, whatever attribute of

the ,Sn layer it is which determines T A finish nust already be

3
present in the thinnest layers studied by the author.

The reason for the minimizing of T, onset for Nb(100)

and Mb(110) substrate layers near the standard .52°1 nm values for

the Nb3Sn lattice parameter88 is not understood. AlS5 layers fabricated

on the Nb(100) exhibit a peak in Tc finish near a, ~.5285 nm, while
for layers on Nb(110) T & finic  pears to be steadily increasing
with a, over the range of obsarved a,e It may be significant that,
with the exception of the unexplained Ts onset minima for layers

on the Nb(100) and Nb(110), none of the behavioral features (e.g.,

inflections, maxima, etc.) of T, onset or T, finish occur close to

the standard Nb3Sn lattice parameter value of .5291 nm.
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Figure 4.8 illustrates the variation in lattice parameter

with the measured tin composition of the disc layers as a function

of Nb substrate orientation. For the Nb(il0) and Nb(211) layers
the lattice parameter peaks near tin compositions of 25% and 23.5% ;!
respectively, while the Nb(100) and Nb(11l) substrate orientations
have lattice parareters which continuously increase with increasing
tin composition over the range of measured ao's. (However, the
scatter in the experimental data could allow one to plot the

Sn on Nb(211l) curve kehavior shaped as /\:/ , with a local

3
25%
minimum at 25% tin, and the Nb(11ll) layer on Nb3Sn curve behavior

Nb

sharply peaked, 255% , with a maximm at 25% tin. The peak values i
of lattice parameter for the Nb(110) and Nb(21l) layers, besides 3
being different from one another, also do not correspond to their -
respective a, values of maximm T, onset for the same Nb(h k £) sub-
strate. The behaviors of a, vs. % Sn shown in Figure 4.8 collec-
tively suggest that the possibility of the existence of orientational
effects in Nb3Sn bulk material should generally preclude attempts

made by researchers to use lattice parameter as a predictor of

il

8

The behaviors of T, onset, Tg finish, and AT, with tin

composition of the layers for each Nb substrate orientation

respectively, are presented in Figures 4.9, 4.10, and 4.11. It

should be recalled here that there are no tin losses from the system

during fabrication because the ampule is sealed. T, onset reaches

|
,
51
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a naximun very close to a tin composition of 25% (i.e. stoichiometic
Nb33n) for all 1\33381'1, whatever its Nb(h k £) substrate orientation.
The hierarchy of Tc onsets from maximm to minimam is: Nb33n layer

on Nb(11l) and Nb(211l) substrates bhoth have the same 'I‘c; then lavers
on Nb(100); and finally layers on Nb(110). 2n (h k &) hierarchy
observed in the narrcwness of the Tc onset vs. % Sn peaks: layers

on Nb(111l) peak very sharply near 25% tin, indicating high sensitivi

to the degree of compositional stoichicmetry. The peak widens

“for layers on N(211), widens still more for layers on Nb(100),

and is the widest for layers grown on Nb(110).

In an attempt to compare the present results with
cbservations by other researchers, the author examined Jaccbson's
resultssl for electron beam coevaporated NbBSn layers deposited
at a rate of 32 Ig;/sec on 750°C substrates, Jaccbhson's “low-rate,
high ten*perature" designation. Jacobson reports a very flat
maximum in To (presumably T onset) corresponding to approximately
27% tin and an increasing lattice parameter uvp to approximately
26.5% tin, where it levels off. The constancy of a, and the
accompanying slow decrease in T, beyond approximately the same value
of tin composition is attributed to the phase boundary between
single phase Al5 and the two phase region (AlS5 + N Sng) . Follow-
ing this logic a step further leads this author to infer that Sn
composition values corresponding to T o onset maxima for layers on

particular Mh(h k ) substrates may be due to textural modifications

of the standard Nb35n phase diagram (Figure 3.5). Phase diagram

:
i
$
i
i
i
]
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determinations are usually made on bulk polycrystalline material
without regard to orientational effects and then utilized
without consideration of this fact of crigin. On the other hand,
the diffusion layers of this thesis study are not necessarily
fabricated under the conditions of eguilibrium pertaining to the

standard phase diagram. .

The plot of T, finish vs. tin conposition, as T,
onset did above, shows peaked behavior that has different '.Pc
finish maxima for each Mo substrate orientation: although the
curve for the Nb38n layer on Nh(110) does not bend completely over,
the curve for layers on the othar Nb(h k 2) substrates all
peak near 25% tin. The same hierarchy of Nb(h k 2) designations also
occurs for peak narrowness: layers on Nb(1ll) exhibit the peak
that is most narrow, then layers on Np(211), on Mo (100), and on
Mo (110) respectively in increasing width. The peeking of TC finish
with % Sn, although consistent with the layer material being Al5 in
nature (the higher the value of T, finish, the higher the quality
of the "worst" AlS5 material) is also consistent with the
existence of lower Tc phase material, which at stoichiometiric composi-
tion, is minimized.

The fabrication of a second set of 2.9 m thick NbBSn layers
(9152) on the four Nb(h k £) major bcc symmetry directions at a

temperature greater than the 1000°C used for the other 2.9 um sample

set (9192), gave Tc finish vs. ¢ Sn data that fits exactly on the
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curves of Figure 4.10. This suggests that the existence of

significant amounts of second phase material as discussed above is

remote. This leaves the varying behaviors of T, onset with
Kb(h k 2) substrate orientation as further evidence of a

ssible phase diagram sensitivity to layer texture.
g Y

The ATC vs. tin conpositionplots of Figure 4.11 show that
for layers on the Nb(211), BT s i.e., layer homogeneity, passes
through an inflection near ~ 23.5% tin, a value of composition
which also corresponds to the composition of maximumn lattice
parameter. The minimum in AT, at 25% tin for N-b38n layers on
Nb (100) substrates is indicative of a sensitivity of homogeneity
to stoichiometry of composition. Although the behavior of AT,
for the layers on Nb(lll) substrates is plotted as a straight line
(representative of insensitivity of homogeneity to tin composition),
it is also possible that the data points could detexmine a curve
vhich peaks sharply at 25%, as do Te onset and Tc finish for layers
on Nb(111l). This peak would lead one to suggest that, while layers
of Nb38n on Nb(1lll) substrates are relatively insensitive to

variations of layer thickness and lattice pacameter, they are very

sensitive to compositional stoichiometry.




Microstructure

Diadiuk cbhserved a very definite dependence of diffusion
layer microstructure on the orientation of the underlying Nb

substrate. Figure 4.12 shows scamning electron nicrographs of

Diadiuk's 17.2 wm disc saxnples.z9 The layers grown on the non-Nb(111)

substrate though differing from one another, are generally similar:
exhibiting a rough microstructure comprised of a fairly uniform
distribution of coluwar grains of approximately 1 ym size.

The Al5 layer on the Nb(11ll) substrate, on the other hand, shows a
rmuch rougher and more fragmented microstructure with a nonuniform
distribution of grains that varies widely in size and shape. Of
the non~Nb(111) layers, diffusion layers the Nb(100) substrate have
the most uniform, swoth microstructure, followed by layers on the

Nb(211), and finally, by layers on the Nb(110).

Scanning electiwn micrographs of the author's disc
samples are displayed in the same format at Figure 4.12 as
follows: sanple set 9152 (2.9 ym) in Figure 4.13; sample set
9192 (2.9 ym) in Figure 4.14; sample set 9197 (1.6 ym) in Figure 4.15.
Figures 4.16-4.18 depict rod—-shaped sample surfaces and
Figures 4.19-4.22 expose the Nb-Nb.Sn interface. Figures 4,16-4.22
will be discussed in more detail in this section. Note that there
are no scanning electron micrographs of the discs of sanple set
9141 (12.1 \m) because the poor picture quality (due to surface

charging) added no substantive information to the following comments.
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4.12 SEM's of Nb3Sn Diffusion Layer Disc Samples
as a Function of Nb Disc Substrate Orientation -

VD Discs.
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SEM's of Nb3Sn Diffusion Layer Disc Samples as a
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Sample Set 9192,
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Additionally, a low magnification photo of sawple 9152-D-110 was

overlooked.

Examination of the diffusion layer discs of the 2.9 um
thick sample set 9192 in Figure 4.14 confirms the observations
of Diadiuk for the 17.2 ym layer on discs of nicbium orientation

(100), (111) and (110). The microstructure of the two non-Nb(11ll)

By A b e TS 1 e T YO PR A B A R R

layers is rough but the grains are packed with fair uniformity.
Interestingly, for Diadiuk's 17.2 um thick NbBSn diffusion layers, :
that on Nb(100) was of higher microstructural perfection than the g
one on Nb(110) . For the author's much thinner 2.9 im thick Nb35n i
the order of quality is reversed. The reversal echos the bechaviors
of Tc onset and To finish with Jayer thickness, Figures 4.1 and 4.2.
The Nb(211) substrate layer is the poorest in microstructural

quality of the layers on non-Nb(11l) orientations, and locks similar
to the Nb(111) layer, where grains are loosely packed and vary
widely in size. No microcracks were observed in the Nb(111)

substrate layers. Thus, the 2.9 mum thick layers fabricated under

the same conditions as the 17.2 um layers suggest that the differences
observed between the thicker layers as a functionof Nb(hk £2) moderate

with decreasing thickness.

Changes in microstructure between the 2.9 um thick layer
discs (sample set 9192) and the 1.6 um thick layer discs (sample set
9197) are readily apparent in Figures 4.14 and 4.15 respectively. '

The 1.6 ;m samples have lost the "puffy" character of the grains and




the substantial differences between 17.2 wm thick 1i,5n layers on

discs of various No(h k £2) have all but disappzared, with only

the Nb(211) substrate layer showing any distinction. The sameness

of microstructure in the 1.6 um layers irrespective of substrate
orientation, may find its origin in layer growth kinetics related

to the shortness of thes time required to react thin-layer

diffusion sanples, or in a relationship of microstructure, itself,

to layer thickness, which is consistent with the above discussion
concerning the 2.9 um thick layers. The time of reaction is believed

to be the more likely cause bzcause in the cese of thin layers, there

vhile the interface advances into the niobium substrate.

Gregory observed such annealing affects in dc sputtered
Nb3Ge films: in situ amnealing during film growth maximized the
superconducting properties of continuously sputtered additions to
the films while simltaneously over-amnealing the initially sputtered

portion of the films, causing precipitation of phases other than Nb3Ge

and concommitant degradation of the film's overall superconducting

46

properties. Although no second phase materials are cbserved in

the 1.6 ym samples (see Bulk Structure Section) T, finish is mach

lower than for thicker layers: possibly this is due to the inadequacy
of time available for the thin layer to form a well ordered Al5 phase.
The similarity of T, onset values for these thin layers and the 17.2 um

thick layers (sce Figure 4.1) suggests that the AlS material present
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in the diffusion layers is of higher quality for the thin and thick
extremes of layer thicknesses studied than for the middle regime.
At these same extrenmes of thickness, data is also more tightly

grouped in value irrespective of Nbth k 2).

The effects of fabrication conditions can be cbserved in
Figures 4.13 (sample set 9152) and 4.14 (sample set 9122). Sample
grain size depends on reaction temperature through an exponential
dependence of size on the temperature of the Sn vapor in the
35,90

ampule. Laxrger grains result from higher temperatures as

V]
oo
Qi

indicated by comparison of the two 2.9 um sample sets (9152
9192): the 9152 disc layers (fabricated only approximately
150°C hotter than 9192), in Figure 4.13, show a larger grain size
and more uniformity in the size of individual grains than do

the 9192 disc layers, Figure 4.14. Similar trends in grain size
enlargement as the result of higher fabrication temperature

were noted by Jacobson, et a.'l..61 The shape of the grains in the au-

thor's study remains generally unchanged, but is of a more

"puffy" character than are the 17.2 um layer grains.

Diadiuk cbserved that 17.2 ym diffusion layers grown into
the Nb(11ll) orientation on the circumference of rod shapad substrates
exhibited actual microcracks, see Figure 4.16. However, the authior's
rod samples do not exhibit this cracking phenomena for any Nb

substrate orientation or layer thickness or rod diameter studied.

:
]
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- 4.16 SFM's of VD Rod Sample Before Tamperature-cycling:
(a) non-(111) Mo substrate direction;
(b) Nb(1ll) substrate direction.
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The author's 17.2 um thick rod samples (9115) however, were
fabricated with an improper quench (i.e., too slow); this difference
in fabrication process could explain the absence of the cracks

in this layer thickness. The thimmer layers, howsver, were
fabricated under the sare protocol as that of Diadiuk. These
observations would seem to indicate that the critical layver thickness
for cracking of 3.2 mm rod samples lies in the regime between

sanple set 9141 (12.1 um) and 17.2 um.

Figqure 4.17 illustrates the microstructure of 12.1 wm
layerson the Nb(1ll) and Nb(11l0) orientatiors arcund the circumfer-
ence of the niobium crystal rods (sample set 9141). There
appears to be little difference between the layers on the two
different orientations around the rod, but the existence of
surface crystallites is a major differcnce between these circum—
ferential microstructures and the "puffy" nature of grains
typical of the 12.1 um layer of Nb38n febricated simultansously
on oriented discs comprising this sample set. Figure 4.18 illustrates
similar microstructure as in Figure 4.17, but for the layer
diameter of rod and comparing 12.1 wm thick Nb.Sn layers on b (100)
and Nb(11l). The Nb(1ll) orientation layer appears to have fewer

crystallites on the bigger diameter than on the smaller.

Figures 4.19 and 4.20 illustrate the exposed I\ﬁa~N‘o3Sn
interface on rod shaped samples of Diadiuk. The interface represents

the final growth surface of the Nb3 Sn; it shows a uniformly
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SEM's of No-Nbgsn Interface Exposed by Chemical
Etching of Rod~Sheped Sanple. Note WbiSn Yeollar®
on the Nbh Substrate Core.

4.19

Nb-NbzSn
Nb Core interfoce

IoE NbzSn

layer

Nb-NbySn
Nb Core interface
l Nb-[111]
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advancing Al5 layer, leading to a very sharp transition from

NbBSn to Nb along the sample radius. No Kirkendall voids were
expacted to be observed30 and indeed none were. However, at the
Nb(lll)—Nb3Sn portion of the circumferential interface an
outstanding feature is noted. (See Figure 4.19.) The Nb,Sn layer
exhibits appearances suggestive of second phase material (Nb65n5 for
example) or oxides, although the overall EDX measurements confirm
the Nb:Sn ratio to be 3:1.* The thickness of Al5 layer at this
Nb(11l) orientaticn is less than elsewhere. Perhaps this thimness
can be attributed to preferential etching (the layer is thinner from
the surface, not from the interface), such as might result from

an etchant attacking regions of differentially high free energies,
e.g., arising from strains, impurities, or crystallographic

effects, Thus, the etch acts to map out the extent

of the strain field associated with the formation of Nb3Sn on this
particular substrate orientation, the concentration profile of
impurities associated with this Nb38n, and/or the extent of a
particular texture character of the I\1b3Sn. The extent of these is
extremely limited: only 35 ym to either side of the Nb(1l1)
direction, corresponding to an angular spread of only ~1° arcund

ie sample circumference.

*
It should be noted that the standard Nb3Sn specimen used for
determining absolute EDX elemental compositions was not run
simultaneously with each sample.
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Figure 4.20 shows another portion of the exposed interface

with non-Nb(11ll) substrate orientations and the NbBSn layer in

view. Also shown is the cylindrical surface of the ekposed single

crystal Mb core after etching: the “"pockets" possibly indicate
an inward growth of Nb38n colunmar grains. It is particularly

interesting to note the similarity in appearance of these pockets

to the microstructure of the 1.6 um disc sample 9197-D-100
shown in Figure 4.15. This similarity, together with the 'I‘C vs.

thickness regime behaviors of Figures 4.1 and 4.2 and the micro-

structual character of thin layers vs; thick ones which has

already been discussed, suggests a relationship between the thinnest
and thickest layer thicknesses comprising this study. Perhaps the
key will lie in consideratiorsof similarity of the initial and final

growth surfaces of the Nb,Sn, i.e., the surface and the interface.

3
The extreme difficulties of exposing the No-Nb,Sn
interface as desired through chemical etching is demonstrated in
Figures 4.21: a Nb35n crown rises above the single crystal Nb core
as a result of unexpected over etching of the Nb core. The photos

of Figure 4.22 show the mechanical damage caused during the string
saw cutting and mechanical polishing employed before etching.




B S A o M S
A T
3 1 i\

B R i v R 3 AR Mj
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Nb core.
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Surface Structure

{ Limited RED an~'vsis of selected I\b3Sn layers on disc-

b shaped samples was carri out by the author to determine the

1 nature of the Al5 layer . face with respect to structure and
preferred orientation. Due to the flat geometry required for
RED analysis, it was not possible to carry out studies on the

circumference of the Nb3Sn diffusion layers on rods.

Diadiuk's RED patterns obtained for the 17.2 uym thick

NbBSn layers on the Nb discs of Table II exhibited clearly

distinguishable rings in the case of Nb3Sn on Nb(110) ad

Nb(111l) substrates,; whereas for the Np(100) and Nb (Zi1) substrates,

the Nb3Sn layers yielded only arcs or a limited number of spots

on circular paths. (The cotpleteness of an RED ring is an

t indication of the number and size of grains contributing to the
diffraction.) All four RFD patterns of Diadiuk show regions of
increased brightness along the rings or at certain arcas of the

spots. Table III lists the reflections of layer obscrved by

Diadiuk for each of her Nb disc orientations of Table ITI.* ﬂ
Every ring present in the patterns was indexed to an Al5 plane 3
strongly hinting that the nature of Nb3Sn layers formed on disc

geometry substrates by diffusion is single-phase Al5. Indices of

the brightest reflection (ring) by eye have been encircled in

*

The RCA-X and SF film entries of Table IIT refer to an RCA Nb,Sn
single crystal and NbzSn polycrystalline film prepared at Stanford
which Diadiuk analyzed as part of her study.
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TABLE II1l Nb,Sn PLANES OBSERVED IN RED PATTERNS - VD DISCS

3

{
4
1
EE RED INDEXED REFLECTIONS
4
| sample A15 Rings
(100} disc || 200 320 GO 400 o) f10 s

—7ETTU 7437
e 200 211 310 320 {330} {5]0

(10)-disc |1 615 541 614 {554} 761

741
- ey
bee 200 (272) 330 422 510} 440 541
(M)-disc || c3s 17 752
bee 320 (330) 422 534
(211)-disc
AT T35
RCA-X 220 321 {330} {530} SKT B3 &5

SE it 112000 LR8I0 390 422

440 610 538  BW 615 782 {743}

750

M run i
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Table III; they correspond to what is believed to be the preferred
orientation of the Nb3Sn layer for each Nb sample, being mindful
that one must proceed with caution concerning preferred orientation
determinations on the basis of RED patterns because of the

dynamic nature of electron diffraction.91

The disc sanmples studied by RED by Diadiuk had been lightly
etched with HF before RED analysis in order to rewove surface
oxides in order to generate clear RED patterns. The Al5 layer
thickness after this etch is estimated to have been approkn'.mately
14 to 16 ym. Thus, the results in Table IV pertain to an etch-
exposed surface within a 1 to 3 im wide region at the initial
growth surface of the layer (i.e., 1 to 3 ym inwards from the
Nb edge). The author further etched the VD Nb,Sn-Nb(11l) and VD

3

Nb,Sn~Nb (211) samples (HF: HNO3 - 1:1 for 1 to 2 seconds, then

3
HF for 5 seconds) to reduce the AlS layer to approximately 8 um in
thickness. (The etch rate is highly speculative.) These

samples were then re-examined by RED (thanks to the help of

John Parsey = M.I.T. Course III graduate student) for comparison with

Diadiuk's observations. The objective of this comparison was to

determine whether the "surface" nature revealed by RED at one place

in a given layer changed as that layer'sthickness increased. Also examined

for comparison was the author's sanple 9141-D-111 (lightly etched
to remove surface oxides), initially of Nb3Sn layer thickness

.12.1 um. Hercafter, the two lighyly etched sanples are referred to

e
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RED INDEXED REFLECTIONS

sample Al5 Rings
A 431
| VD NbySn-Nb(111) || 200 (G22) 330 422 {5103
:i (as~grown)
440 541 534 614 752
4 300)
VD Nb,Sn-Nb(111) BI6 or 111 311 or 220 §,,5 or 310
(etched)
@ 421 or 332 521 or 440
T T B E
9141-D-111 210 or 211 221501 220 300 or 311
(as-grown)
; 520 511
421 or 332 g43230r€333§
VD Nb,Sn-Nb(211) 320 422 534
(as—-grown)
VD Nb,Sn-Nb(211) 110 or 111 411 or 330
(etched)

TABLE TV Nb3Sn PLANES OBSERVED IN RED PATTERNS -

ETCHED AND AS-GROWN DISCS ﬁ
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as "as-grown" and the heavily etched sample simply called "etched".
The objective of the second comparison was to discern whether the
"surface" nature of an as-grown layer of a given thickness differs
from the "surface" nature of a layer resulting from etching dowm

to that same thickness from an originally thicker.layer.

The RED patterns of VD Nb38n-«Nb(lll) after etchin

Al 1 e B o s e e e g g .

were extremely faint and consequently wmsually difficalt to
accurately index. Uncertainties in the determination of the d

values (d=interplanar spacing) for several rings often gave the

author more than one choice of h k & for those particular refiections.
(See Table IV.) Circled in Table IV are the indices of the brightest
rings which, as previously mentioned, correspond to what is believed
to be the layer's preferred orientation.

A comparison of the RED patterns of the as-grown and
etched samples VD Nb3Sn-Nb(lll) dramatically illustrates that the

as-grown surface of nominal 17.2 um layer thickness is quite

different in nature from the internal surface at the estimated 8 mpm

thickness exposed by etching.

The etched VD Nb38n-Nb(lll) and the as-grovn 9141-D-111
surfaces of the same (~10 ym) thickness have many of the possible
h k 2 reflections in common. (9141-D-111, like thie above samples, 5
also exhibited only extremely faint diffraction rings). This leads one

to suggest that the structural/orientational nature of the as-grown

3 surface of a given thickness of diffusion layer on Nbo(1il) is not
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related to the surface being as-grown, (i.e., being the initial

growth region of the layer), but rather, it is determined by the layer's

e i e
= RERE SRSl

net thickness. Further, the similarity of possible reflections in the
etched VD ND,Sn-Hb(111) , thought to be ~8 ym thick, and the as grown

9141-D-111, nominally 12.1 ym thick, despite the uncertainty in

! the layer thickness values, points toward the possibility that the

surface nature revealed by the RiD's for this region of layer thickness

g may extend over scme considerable distance within the bulk of the

layer. '
The comparison of the as-~grown VD 1\7;33Sn~m>(211) , approxim-

ately 17 ym thick, and the etched VD N03Sn—-b\fb(211) , approximately

8 um thick suggests that if the A15-(111) reflection of Table IVis

valid, intermediately thick laycrs of IG:)BSD on Nb(211) may be of lower

quality than those of the extremes of thicknass so far investigated.

It should be noted at this point that, indeed, for layer thickness

of order 8-15 im, Tc both oncet and finish, minimizes at -12 um.

The best material present in the layer on Nb (211), according to the

behavior of T, onset, is the worst Al5 material of all the layers

on any of the No(h k 2) substrates over this thickness range (sece

Figures 4.1 and 4.2). |
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Bulk Structure

The resulte of X-ray scanning diffractometer data taken
on Nbasn layers on discs, sample set VD b:s“;_>3Sn~I\‘b (h k &), are presented
as cowparisons of relative intonsities. Peak intensities for the
layer on each Nb(h k ¢) substrate are normalized to the A15(211) peak
for that layer and these layer intensities are listed in Table V.
Also listed in this table are the relative intensities of the pattern
of a NbBSn powder standard (provided by Stuart Cogan). The A15(211)
peak is one of the threo major ALS reflections and was chosen as the
normalization peak because it is believed to be less sensitive to
preferred orientation efiects than the A15(200) peak and more useful
in detecting deviations from the powder sample relative intensities
than the stronger #15(210) peak. In particular, the Nb;Sn layers
on the Nb(110) discs exhibit very enhanced Al5(200) and (400) peaks
and nbfiera.tely enhanced (210). The layers on the Nb(100) and Nb(211)
discs appear similar to one another, exhibiting modest enhancements
of the (321), (400), (420) and (400) AlS5 peaks. The Nb3Sn layar on
the Nb(111l) disc has a modest enhancearent of the Al5(321), (400),

(420) and (440) peaks and a smaller enhancement of Al5(222).

From these observaticns, one infers that the underlying

oriented niobium substrate exerts a definite influence on the growth

orientation of an overlying Nb3Sn diffusion layer. However, unraveling

the specific nature of the lattice relationships between the bece and

Al5 lattices is not straightforward. The RED results (Table ITI)

B aata 5 bt S A S e SRR
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TABLE V RELATIVE INTEGRATED INTENSITIES OF X-RAY REFLECTIOKS -

q VD DISCS

4

|

1

| |
: RELATIVE INTEGRATED INTENSITIES OF X-RAY REFLECTIONS* |

i ATS |

3 Refieclaoo | 210 | 211 | 222 | 320 | 321 | 400 | 420 |edo

E | Sample

over 151 [1.43 | 1 f.oe1 | .25 | .56 | .18 | 14 s

(100)-disc|.52 |1.36 1 k119 4t ¢ .86 § 40§ .31 1.38

(110)-disc|1.75 | 1.77 b o087 | .33 1 .52 [1.10 | .25 {17

(117)-disc({.38 {1.15 1 1084 | .37 | .74 § .30 | .35 [.49

'f (211)-disc|.38 oFo ¥V LA T 20 T ) 33 1 .24 {28

*[normalized to the A15 (211) reflection] |
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of Diadiuk on these 17.2 um thick diffusion laver discs indicate
probable Al5 preferred orientations at the surface of this layer
for each Nb(h k 2); the results of Table V pertain to preferred orienta-

tion character within the interior, or bulk, of the layer.
These results lead one to several suppositions:

First, that the bulk preferrved orientation of a layer
might differ from the as~grown surface preferred orientation. This
possibility is substantiated by the X-ray and RED results on Diadivk's
17.2 um layers, sample set VD Nb38n—Nb (h k 2). However, without
similar data for other as-grown layer thicknesses, the substantiaticn

might be unique to the particular thickness valuve of 17.2 im.

A second supposition might be that surface corientation, or
texture, evolves as the growing layer thickens. Evidence for this
supposition exists in the RED patterns of the as~grown and etched
sanples VD .I\Ib3Sn-—M)(lll). and VD Nb38n~N’b(211) . No X-ray investigation

was done on these two samples to see if the nature of the bulk

orientation changed with etching down of the layers. Such an investiga-

tion would only indirectly answer this question anyway because, since
X-ray-implied preferred orientation effects derive from averaging
over the entire layer thickness, X-ray data on the as-grown 17.2 pm
thick layers would include contributions from precisely that Layer
region from 17.2 ym down to ~8 um which is etched away and thus non-
contributing in the etched case. Only if the nature of this etched
away material deviates greatly from that of the remuining loyer coild

one expect to sec 11 f{estations in X-ray data.
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The RED results in Table IV show for the etched VD Nb3Sn-
Nb(111l) courparison to the as-grown 9141-D-111 that surface orientation
is not inherent to surface nature (as-grown or etched) of the
exanined material, but rather secamns to be a function of the net thick-
ness of the diffusion layer. Thus, a third supposition might be that
bulk orientation is determined by the net thickness of the layer.
In order to determine the validity of this supposition, X-ray studies
of the author's discs with layers of 12.1 Qm, 2.9 ﬁm, and 1.6 pm

layer thicknesses were also performed.

Diffractometer scans of the disc-shaped samples have a
high signal to noise ratio due to the smallness of the sample making
exact integrated intensity measurements unfeasible. Intensity
measurements of Diadiuk's disc samples were made by the simultaneous
scan of four discs with the same layer thickness and Nb( h k &)
orientations (these four discs were fabricated at the same time);
intensity measurements of the author's disc samples were made on a
single sample of eachNb(hk £) substrate orientation from a larger
single crystal (4.6 mm). Presentation of the X-ray results, including
Table V, are displayed in Figures 4.23-4.27 as relative intensity plots
of the A15(200), (210), (211), (222), (320), (321), (400), (420), and
(440) peaks as coroared to the Nb38n powder standard. It should be
noted that the plots in Figure 4.23 differ from previously published

intensity plots b, Diadiuk because this author believes that Diadiuk

incorrectly attributed the A15(210) peak present in her X-ray

TR
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patterns to the Ag paint used as a sample adhesive.

The RED measurements listed in Table IIXTI for the 17.2 ;m

S A E i

AlS5 layers led to geowetric lattice registry associations which
X-ray observations of the bulk substantiate in the layer interior
only for Nb-(110)||Al5~(100). This particular Al5 orientation appears
to be the natural growth crientation of Nb.Sn as indicated by

61

investigations of Jacobson, et al. and biadivk's examnination of

the Nb,Sn polycrystalline film listed on Table III which was

3
fabricated at Stanford by the same research group. The premise of

‘,‘ a Nb3Sn natural growth perferred orientation appears to be reinforced

by the strong (200) and {400) Al5 X-ray reflections observed by

>
Neugebauer in thin films of NbySn grown by codeposition. i

The remaining three 17.2 um thick bec (h k 2) substrate

orientations of Diadiuk have Nb3$n layers which do not show evidence

in the bulk of the preferred orientation suggested at the surface by
RED. Drawing on the X-ray information from his thinner Nbssn

layers, the author is led to  proposing that net preferred orientation
evolves and changes as layer thickness is varied. The texture in

the diffusion layers appears to be an evolution of athes of Al5
orientations which is sensitive to the underlying becc (h k £). More
importantly, this admixtureprobably results froma competition between the
bce-Al5 lattice registries and the natural preferred growth orientation

of the NbBSn (i.e., A15-(100)).

Evolution of bulk orientations in the diffusion layer

disc samples from the surface layer is a compelling concept: at the
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Nb(110) substrate orientation, lattice registry arguments (see

Figure 4.4) make growth along the Nb3Sn(100) the most conducive growth
orientation. Becauée this orientation is also the natural preferred
growth orientation of Nb3Sn, it is likely that this orientation of
growth would easily continue throuchout the bulk to the No-1b 3
interface. For Nb3Sn layers at Nb(100) and Nb(211) substrate
orientations, layer structure may start out with the I\‘;b3£?.n(ll())
orientation as suggested in Figure 4.4 and the RiD data of Teble III,
and then evolve into a Nb3Sn--(110)/ (100) admixture due to competition

of the Nb,Sn natural growth orientation and the efforts of the

3
forming layer to both follcw the teamplate of the initial layers

and to confront the continual presence of the bcoc lattice at the
advancing interface. In the case of Nb3Sn at the Nb(11ll) orientaticn,
the lattice paramenter of the Nb(11l) diffusion layers of a given
sample are consistently greater than those of layers at non-Nb(1l1)
orientations, possibly indicating a continuation of the influence of
the surface Nb(11l) -—Nb3Sn(lll) lattice registry association into the
bulk. The X-ray results for the layers at Nb(1lll) indicate that an

)

admixture probably exists, made up of Nb3Sn-(1ll) and Nb3Sn-(10u, .

The viability of the proposed orientational growth
conpetition model may be tested by a closer examination of specific
features in the diffratometer scans of Figures 4.23-4.27. The
intensity plot of sample set 9197 (Figure 4.27 -- 1.6 m thick AlS layer)
might be expected to show little preferred orientation in layers at

non-Nb (110) orientations due to the combined effects of the proposed
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growth conpetion being in its initial stages at this small thickness
and the fact that the X-rays arve sampling a much deepar volume than
just the Al5 layer (therchy reducing signal sensitivity to
intensity variations arising from the A15). The I\*b38n layer at the
Nb(110) orientation would be expected to exhibit its Al5(100)
predilection because there is no evolution occurring. Both expecta-

tion are fulfilled in the data.

One might expect that dus to _J.p 1 situ  annealing,
preferred orientation effects [adnixtures of the initial growth orienta-
tion plus A15(100)] will become more evident as the growing layer
gets thicker. This is seen in the 2.9 ym sample set, 9192, of
Figure 4.26, as compared to the 1.6 um set, 2197, of Figure 4.27. These
effects might then be moderated as the lavers get still thicker by
over-annealing, although the orientational competition continues at the
advancing interface. This competition plus evolution of amnealing
effec‘cs; may be associated with the thickness regime behaviors
previously noted for 'I'c and ayr and may well be the basis for the marked
similarity of the X-ray peak intensities for the 1.6 um layers end the
17.2 im thick layers. These two extremes of thickness bracket the
range of thicknesses studied so far; similarity of behavior for these two
thicknesses has already been noted for T, onset values and with
respect to similarity of microstructure for the thin layer and at the

interface region of the thick layer.

The above mentioned in situ anncaling also may be a
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reason for the observed moderation of peak enhancement in the X-ray scans

of the 2.9 um sample set (9192 and 9152) with increased fabrication

et e s e - e ot B T

temperature. The 9152 sample set was reacted at the higher temperature,
allowing more atomic mobility during fabrication and thus, possibly

a resultant predilection to randomize preferred orientation.” The i :
enhancement of the A15(222) peak in sample 9152-D-111 may echo the § :
existence of sensitivities in the phase diagram as previously con~ ’
jectured. The existence and retention of highly enhanced Al5(210) ’ :

peaks in sanple sets 9152 and 9192 is as yet unclear. i

*
There is evidence from annealing of foils of Nb in this laboratory

( that annealing at ~1000°C virtually destroys the strong initial

, texture of the foils. (See Appendix 3.)
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V. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

This study of the structural properties of Nb4Sn diffusion
layers fabricated on oriented Nb substrates has revealed that
systematic behaviors result from the nature of the interactions

between the substrates and the Al5 overlayers.

Analysis of layers fabricated to various thicknesses
allowed for the identification of layer thickness regimes over which
the structural properties of the Nb3Sn appear to evolve. Thease
regimes can bz designated approximately as 1 to 3 im, 3 to 9 m,
9 to 15 um, and 15 to 17 um with certain unique features observed
specifically for the 1.6 um thick layers. The Tc onset (an indicetor
of the "best" Al5 material on the sample) appears to be the highest
for the 1.6 im and 17.2 ur layers, while Tc finish (an indicator of
the "worst" Al5 material that still superconducts) is low for the
1.6 ym samples and shows wide variations throughout the thicker regimes.
It must be noted however, that there is a hiecrarchy of Tc values
within the thickness regimes which depends on the particular (h k £)
of the Nb substrate. In the thinnest and thickest regimes, the
Nb3$n layers on the Nb(21l) substrates have the highest T, onset values
observed for any orientation of substrate, while layers grown on
Nb(110) have the highest T ¢ Onset values in the middle thickness
regime. Lattice paramster measurements also fall into particular
(h k 2) hierarchies within the thickness regimes, with the Nb(111)

substrate layer always having an a greater than that of the swne

thickness non-Nb(111l) layers. The thinnest layer (1.6 pm) is
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particularly interesting in that it shows strong deviations from the
E | other regimes for certain properties (depressed T finish and smaller

a 0'5) vhile showing marked similarity to the thickest regime layers

(17.2 ym) in T, cpset and bulk preferred orientation. Structure

investigations sought to illuminate the basis of these observed thickness

S .

sensitivities.

& | Orientaticnal response of the Al5S overlayer to its substrate 1
2 29
is clear in the disc sanples of Diadiuk.”” Studies of these samples

by her and in this thesis show that the as-grown surface orientation of

g

each Nb(h k g) diffusicon layer of Nb.Sn of given thickness differs
-

from its associated No(h k &) bulk orientation, as determined by RED

{69}

and X-ray measurements, respectively. This comparison was made for all

four of the 17.2 um layer-i(h k ¢) orientations and for the 12.1ym Nb(211)

orientation. The question of whether the RED-determined surface

1
|
% orientations are related to something inherent to the as-grown nature ,i
E | 3
A ? of the surface or to dependence of surface orientation on layer 7
_i f thickness motivated a comparative RED examination of surfaces of :
|
| as-grown and etchcd down diffusion layers. The internal surfaces ]
3
exposed at 8 ym by etching down the 17.2 um Nb35n layers on Nb{111) |
and Nb(211) exhibited structures different from those of the original
1 ) as-grown 17.2 ym layers. 1In the case of Nb(1ll) substrates, this 4
i! was quite pronounced, and the etched down structure was similar to the 4
structure of the as-grown layer of comparable thickness, 12.1 um, J
on the same Nb(11ll) orientation (which was the only comparison made) . ;
Thus, surface orientation is believed to be determined by laver
thickness. This is also true for bulk orientation of the AlS on a

‘f
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given Nb(h k £) substrate. Bulk structure determinations of preferied
orientations in layers of different thicknesses show the nature of

the layers to be determined by the thickness of the layer contribuling
o the X-ray diffraction. The dependences of surface and bulk crienta-
tions on net layer thickness suggest that the structural nature of the
layer evolves inwards radially from the niobium crystal surfece in
accordance with a qualitative model based on the coopetition of the
growth region orientation at the advancing interface (determined by
lattice registry of the bcc and AlS lattices) and the drive of the
I\TD38n layer to form in its natural growth direction [i.e., NbBSn {1oayl,
noderated by in situ annealing of the already formed Nb35n as the
growth advances. For very thin layers microstructural observations of
the 1.6 ym layer show that the grain structure of the layers may not
have time to fully develop because of the short diffusion reaction
time; at thicker values the microstructure shows the influence of
particular Nb(h k &) orientations. The hierarchy of microstructural
perfection for the 17.2 mm VD diffusion layers [in order of decreasing
perfection—Nb38n on Nb(100), Nb(211), Nb(110), Nb(111)] seams to be
reversed for the 2.9 um thick AlS5 layers (in order of decreasing
perfectjon—NbBSn on Nb(110), Nb(100), Nb(211), Nb(111)]. 'This
reversal may be linked to the effects of the shorter in situ annealing

which occurs with thimner layers.

An interesting feature of the thickness regime behavicrs

and Al5 orientational dependences on substrate is the suggestion of

individual "personality profiles" for the various Nb(h k ) substrate

e
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5 diffusion layers. For example, the NbBSn on Nb(111l), whose structural
|
- : : : s ; - - 29 Gxs
E | properties were so undesivable in Diadiuk's investigation,™ exhibit

a remarkable insensitivity to layer thickness and lattice parameter
in the Tc values but an equally strong sensitivity to proper composi-
tion. On the other hand, the seemingly well-behaved I\"‘b3Sn on N»(100),

the most structurally perfect of the 17.2 ym diffusion layer sample

S i ottt e et g

discs, exhibits large fluctuations of T and lattice parameter but is
somewhat less sensitive to layer tin composition. The I\‘.bBSn layer
grown on the No(21l) substrate displays the highest T, onset values

seen at any Nb(h k &) in the thick and thin regimes, but the worst

values in the middle thickness regims where layers on the Nb(110) are
the best in value. 'hus, even with the countervailing effects of the
growth campetition model and in situ annealing, the particular (h k £)
of the Nb substrate is an overriding influence on the final properties

of the diffusion layers.

The substrate (h k &) (and thus AlS orientation) variations
of AlS Te values and a, with tin composition lead to speculation on the
possibility of orientational effects on the Nb-Sn phase diagram and
constituent ordering. The maximizing behavior of T, at differing tin
compositions for Nb35n layers on different Nb(h k ¢) substrates
may be an indicator that the layers are governed differently by the

boundary of the single phase Al5 region of the phase diagram, or even

that the phase field is different for layers of different preferred

orientation. [The peaking of Tc finish, in particular, with 25% Sn

is consistent with the existence of lower To AlS5 phase material which
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is minimized at stoichiometric composition.] The behavior of lattice
paranczter with composition as a material approaches the phase boundary
between a single phase region and a two phase region is normally a
gradval increase and subsecquent leveling off as the two phase
region is entercd The peaking of lattice parameter with psr cent

Sn observed in this study is indicative of the fact that, at the

fabrication temperature (1000°C), Nb,Sn is the only allowable Nb-Sn

3
solid solution, and this a - behavior may be attributed to a combina-
tion of in situ ammealing and possible phase field effects. Thus, it
appears that the variations of T, onset and aj with per cent Sn

and laycr thiclkness on a particular Nb(h k 2) substrate could be due

to textural modifications of the standard Nb-Sn phase diagrém in
conjunction with the ordering effects of in situ annealing.

This study of the Nb4Sn diffusion layers fabricated on single
crystal Nb subsirates has examined the nature of several properties
and their relaiionship to the layer's structure. Preferred orienta-
tion in these layers is confirmed and attributed to the influence
of the underlying Nb substrate. The texture of the diffusion layer
bulk material appears to be determined by layer thickness. The
mechanism for layer texture is proposed as a qualitative model of
competition betveen lattice registry required for growth and the
natural growth direction, A15(100). This competition occurs

simultaneously witn in situ annealing. Within the observed thickness

regimes, there i  hierarchy of given property values arising from
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the Al5 preferred orientation deriving from the underlying Nb substrate
orientations. These hierarchies change with thickness and in the case
of 2.9 um, with fabrication temperature, suggesting that layers
fabrica'ted on Nb(h k ¢) substrates which show desirable structural and
superconducting behavior (i.e., layers on non-Nb(11l) substrates) have
especially synpathetic values of Te and a, to layer thickness and

per cent Sn. Whereas P&J3Sn layers fabricated on Nb(11ll) substrates have
poorer local structural and superconducting propsrties,z9 they show in
their bulk properties a relative insensitivity of T values to layer
thickness or lattice paremzter. The behaviors of lattice parameter
and Tc onset with layer tin coxrqxvsition., however, show that layers on
Nb(111l) are the most sensitive to cowposition of eny Nb(h k 2) studied.
Thus, it appears that there are trade~offs in the fabrication of

Nb3Sn diffusion layers on oriented No substrates between the ease

and sensitivity of fabrication, the thickness of the diffusion layer,
and the quality (superconcucting and structural properties) of the

final layer.

Further studies with Nb4Sn diffusion layers fabricated on
single crystal Nb substrates should be carried out to examine a more
systematic variation of layer thickness over both a wider range of
thickness values and in the range 3 to 12 um. The specific nature of
the thickness regimes could then be confimmed with X-ray diffraction,
RED, SEM, EDX, and Tc measurements at each thickness for each Nb sub-
trate orientation. Also, anaylsis of systematically etched layer

thicknesses should better distinguish the character of "internal

X et i e s+ i ST - F: —_— e
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surface" properties associated with thickness from those associated
vith the inherent nature of an as-grown surface. Also, comparative PFD
analysis for layer surfaces at both extremes of thickness are needed
to help understand the similarities of the 1.6 ym and 17.2 ym layers

in this thesis study.

Preferred crientation effects observed in this investigation
can be studied further by fabricating Nb3€~n diffusion layers on poly-
crystalline Kb foils (see Appendix 3). Systematic thickness varia-
tions suggested above and use of the investigative technigues listed

could be applied to see if the observations of trends (e.g., thickness

regire variations of aq and L sensitivity to composition) and

rodel predictions for I]b3$§n layers on single crystal substrates apply

equally to layers on polycrystalline substrates.

The nature of the Nb- Nb3£~‘-n interface should be investigated
nuch nore thoroughly; this reguires perfecting etching techniques
to expose the interface. Photo-resist etching may be a possible
approach to the problem. A resemblance was noted between the micro-
structure observed in the scanning electron micrographs of the
surface of the 1.6 ym Jayer (Figure 4.15) and the high magnification
electron micrographs of the etch pockets of the advancing I\‘}33Sn on
the surface of the exposed Nb core of Figure 4.20. Possibly
their similarity arises from the fact that each of these regions of
layer has two boundaries, one of which faces Nb38n. Although the

surface layer faces a vacuum on its other side and the advancing

growth region, a bee Nb crystal core, they both encounter an abrupt
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‘ change of free encrgy across these boundaries. The existence of these

8 free energy steps may be a key to the similarities observed.

‘ The possibility of the existence of and feasibility of

; determining the specifics for orientational effects on a phase

g diagram should be considered. 2And finally, an investigation into
the observed scrcening of the Nb superconducting transition in the
author's inductive 'I‘C measurenents should be undertaken to determine
3 the nature of this anomalous behavior.
i

3

4

1 3
?

:

|

i

g

1

|

¢




127

‘ {029)
*{IZE)

! (Zgg)
‘(0z¢)

’ (0zs)
‘(0z¢€)

(0%%)
‘(12¢)

(o¥¥)
‘(oz¥)
‘(0T2)

‘(129)
‘ (coP)
‘(012)

(ov¥)
‘ (00%)
‘(012)

N (47]
‘{o12)

(TT2) aN-NsEan aa

(TTT) oN-ustan an

(0TT) N-ustaN aa

(00T) N-ustaN aa

(umr) % abexoay

R SR i e i B i D N S D S s

siojauRIed 90T33e] S3eTnoTe)
03 pesp suoTlosTIed Aeg-X STV

s1dures

sIojaueIed S0T33eT S3R[NOTE) O3 POS) SUOTIODTISY Ard-X GIV T XIANIdAY

L I T e T O DR




|
{
{
|

.,.. €2625°0 (0zy) ‘ (T12) *(0T2) *(00T) TTZ-a-25T6
& 3 (0zS) (0Zy) *(TTP)
a R (cze) ‘(zzz) ‘(T12) *(0T2) *(002) TIT--25T6
m {o0o¥)
! ftey “(12¢) “(oze) ‘(TT2) ‘(0T2) “(002) PEETSEale
: (12S) *(02S) *(coD) %
£s6es"0 ‘(12g) *(02g) ‘(TT2) *(0T2) * (002) UIERSLD
b (007)
| — ‘(Tze) ‘(0Z€) *(TT2) *(0T2) *(0CT) 1le-a-Tri6
; ST (00%) “ (T2€) o
m pEea ‘(0zg) *(zze) ‘(T12) *(0T2) * (002) KLEERY a0
sipad GTY ou 0TT-QG-T¥16
£ i 4
L6250 (Tt2) * (012) * (002) 00T=A-T¥HT6 __
o STeneuered o0T3aPI SRETOTe) oTdues !
: 5 :
| (i) "o abexeny 03 pes SUOTIOSTISY A=d-X STV :

e o e

. ey e Y = e e G e e T e e




i R e A S

129

S2L25°0 (TT2) *0T2) *(002) T1200-L6T6
0L825°0 (tze) “{oze) ‘(TT2) “(0T2) ‘(002) TIT-0-L6156
MRS “(00%) *(Tz€) *(02E) *(TT2) \Mwwww SVENICLEL0
2eLZS 0 (tze) “(oze) ‘(1T2) ‘(672 ‘(002) 00T-a-L616
S (T2€) “* (02€) Mmmw .M%ww u%ww HRE SR80
bl (Tz€) *(0ze) *(TT2) * (0T2) Mmmw ol
SRS “(007) *(0z€) “(TT2) *(0T2) ~Mwmww b Ll
96825°0 “{0zg) * (Tz8) * (02E) * (TT2) .%NWW Gelmen
L —— SISjoueIeg e0TAe] o3e[noTe) oTdures

Ol pPasn SuoTIOoTI=SY Ad-X STV




A 0 s S e e R i i

130

APPENDIX 2 -- X-Ray Pole Figure Analysis of Disc Sanples

A back-reflection Laue photographic method was used

to examine the samples. With moncchromatic Cu radiation

(see Chapter IIT for specific voltages, currents, and exposure times),
four to six Debye rings of relatively uniform intensity and all

indexable to Al5 crystal plancs, were generated. The fiber texture

et B T

o

» G bdats
e ks

nature of the samples (grains oriented normzl to the sanple surface)

s

is precisely what causes the full rings; broken rings or arcs would normally

imply preferred orientation. Thmes, the back-reflection Laus

photographs confirmed the presence of ALS5 phase material in the
samples and the presence of a fiber texture, but gave no other

preferred orientation information.

As mentioned in Chapter II, a pole figure is a stereo~

graphic projection, with a specified orientation relative to the

specimen, that shows the variation of pole density with pole orienta-
tion for a selected set of crystal planes. A pole is the intersection
of a plane normal with a reference sphere which is centered on the

E | specimen. The pole of a plane represents, by its position on the

; sphere, the orientation of that plane. The pole figure analysis of

3 a given sample then gives information concerning the existence

and degree of any prelerr d orientation, as well as details of

| the specific orientations involved.

The unique nature of the disc samples in this study

(i.e., having flat, sheet-like surfaces with apparent fiber textures)
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suggested  that analysis by direct X-ray pole figure techniques
might be particularly informative concerning preferred orientation.
Thus, both sheet texture and wire (or fiber) texture investigations
were undertaken.

Initially, the sanples were studied using the Schulz

a2 . . .
o The spacimen was mounted in a Siemen's

reflection nmethod
texture diffractometer with © and 20 set at the proper angles

to observe the maximun intensity of the A15(200) reflections. The
A15(200) reflecticons were used to generate the pole-figure capable
of more convenient interpretation. The specimen holder rotates
the sample in its own plane about an axis normal to the sample's
flat surface while simultaneously tilting the specimen about a
horizontal axis. The great virtue of the Schulz method is that
no absorption correction is required for values of the tilt angle
between 20° and 40° (90° corresponds to having the flat surface
of the sarmple in the plane of the diffractometer axis). Thus, the
intensity of the diffracted beam is directly proportional to the

pole density 2

The strip chart recorder output appears as a periodic
variation of intensity maxima and minima corresponding to the
changing positions of the reflecting Al5 (200) planes. The strip
chart data is reduced by determining the intersection of iso-
intensity lines (after corrections are made for background
intensities and geometric defocusing effects) with the recorded

diffraction intensities and plotting these points on a sterographic
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! projection. The points will fall on a spiral determined by the

rotating and tilting motion of the sample during the run. 7he

7]

specific locations and magnitudes of the plotted pole densitie
on the stereographic projection are associated with the specific

orientation and degree of any sanple texturing.

The author attempted to investigate the disc-shaped

e o A e g e A A g St

diffusion layer samples with the Schulz reflection method using both a

finely collimated "microbeam" and a nore diffuse bezm designed to bathe

the sample in X-rays. The combination of a finely collimated boam
and the small sample size did not generate sufficient diffvacted

intensities to give useful data. The diffuse beam resulted in a

low intensity output combined with  high extraneous background

radiation, making interpretation of the data unfeasible.

Becauce the texture of the samples is a fiber texture
(i.e., columar grains randomly oriented about an axis noimal to
the sample surface), a plot of the pole densities on a stercographic
projection should be the same for any given angle of rotation
about the sample normal. Thus, a texture diffractcometer scan
along a radial path of the sterographic projection should give

intensity maxima corresponding to tilt angles at which the

monitored planes [Al5(200) in this case] are reflecting. This is a

modification of the Field and Merchant methad of examining wire

e A ok

textures.?5 It was unsuccessful for the samples in this study

st

due again to insufficient diffracted intensities of the emall sanples.
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The author's conclusion as a result of these efforts is

that pole figure analysis of diffusion layer samples can be

successfully completed only if the sample size is increased.




APPENDIX 3 -- Initial Analysis of Nb.Sn Diffusion Tayers Fabricated on

Polycrystalline No Foils

Research carried out this sumuer by L. D. Clark centered
on X-ray analysis of N733Sn diffusion layer fabricated on annealed
and unamnealed polycrystalline Nb foils. The current status of this
work follows.

-

Al.2 cm By 3.2 cm rectangular strip of commercial gracde
niobiun was cut with scissors from a .13mm thick nicbium sheet
vhich had been neither choemically or physically processed after
arriving from Wah Chang Albany Co. The strip was examined by X-ray

diffractometer runs and texcure diffractometer runs bhefore and after

reacting it with Sn to fabricate a ~17 um thick layer of Nb,en by the

experimzntal procedure described in Chapter IITI. The texture
diffractometer runs were performed on a Siemans texture diffractometer
utilizing the Schulz reflection method described in Appendix 2.

The resulting diffractometer scens and the 1\1\3er (200) pole figure
all indicate intense (100) [011] and (211) [110] texturing of the
nicbium strip. This texture is commonly found in heavily cold-

rolled bce materials.

Another 1.2 cm by 3.2 au strip was cut from the same sheet
and examined the same way as the above strip except that before
fabrication of Nb,Sn, this second strip was annealed. This anneal
was done in a quartz tube at approximately 1090°C while being pumped
on by a diffusion punp. After two hours, the tube was removed and

quenched in room-temperature air., The resulting Nb.Sn (200) role
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figure arising from the layer fabricated on this anncaled Nb strip

shows that most of the original Nb texture was removed.

Although cach strip was subjected to a texture diffracto~
meter run, thore were many problems with small sample width, background
commts, and goometric defocusing determinations so that the resulting
pole figures are really of undetermined reliability. The cause of
these difficulties is under investigation. Consequently a peak
height analysis of diffractometer scens is a more reliable method
for determining the actual texture of the Nb38n. Peak height analysis
showed that the Nb3Sn on the annealed Nb sheet has a higher :
percentage of (200), (222), and (320) orientations than the Nb,Sn
on the unamnealed nicbium sheet. The Nb38n on the unannealed
niobium sheets contains a higher percentage of (211) and (321)
orientations than dees the Nb3Sn on the annealed niobium sheet.
Thesa results suggest both that the natural growth direction of

Nb.,Sn on amncaled Nb cheet is (200) and . also that Wb, Sn (111) is

3
nore likely to grow on amnealed niobium sheet than on unannealed,

textured niobhium sheet. 3-

Each reacted strip was examined with an X-ray scanning
diffractometer utilizing a 3° incident slit: this means that the whole
strip is sampled by the X-ray beam, not just a small area. The

resulting diffractometer peaks indicate that each strip contains

niobium, Nb3Sn, NbGSn5 and p-tin. The peaks also show that the

unannealed strip has a higher (Nb35n): (NbGSnS) ratio than does the
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annealed strip. Judging fran peak height, the unannealed strip's
(Nb3): (Nb6Sn5) ratio is approximately 2.5 to 3 times higher than

that of the ammealed strip.

A set of six diffractometer runs with a 0.4° incident
slit were performad on the center and each end of each strip. A
0.4° incident slit samples only a small area of the strip, enabling
a strip region of interest to be positioned for examination. The
resulting diffractometer peaks show that the end of the unannealed
strip close to the tin well during fabrication has only a small
quantity of NbGSnS. (It should be noted that the unannealed strip
was itself closer to the well than was the annealed strip.) Its
(NbBSn) : (NbGSnS) ratio is higher than at the center or other end of
the strip or at any place exemined on the annealed strip. At the
center of the unannealed strip, the (I\TDBSn): (Nb6Sn5) ratio is
lower than at either end. The (Nb,;Sn): (NbGSnS) ratios at all three
regions examined of the unannealed strip are higher than those at
any region examined on the annealed strip across vhich the ratio is
fairly constant.

No distinct variations in the (Nb3Sn): (Nb6Sn5) ratio were
noted on the annealed strip. This correlates with the physical
appearance of the strips: the annealed strip was covered with dark-
grey material from end to end, while the unannealed strip had only an

area of dark-gray material o its center, less dark-grey malerial on

the end further from the tin well, and no dark—grey mal: ~ial on its

R S A . o
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end nearer the tin well. These observations indicate that the dark-

grey material is most likely NbGSn An attempt to examine by X-ray

5
'i?‘ analysis some amunt of this material to confirm this oconjecture
was unsuccessful due to the small amount of material collected.
However, the attempt pointed out that the strips also differ in the
amount of effort it takes to dislodee the dark-grey material from
the layer: a light touch is enough todislodgematerial from the
wnamealed strip, but more effort, such as a surgical blade, is
required to dislodgeimaterial from the annealed strip. This suggests
that NbGSnS amy be more likely to form on and adhere to unannealed

niobium sheat than on unannealed, textured nicbium sheet.
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