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ABsTRACr

The structural properties of Nb35n diffusion layers fabricated

on oriented single crystal Nb substrates exhibit systematic behaviors

based on substrate orientation which result fran interactions between

the substrates and A15 overlayers. Preferred orientation of the

diffusion layers is ~~nfitmad by X—ray and electron diffraction

neasur~~~nts. Within the bulk of a specific Nb (h k L) substrate

layer, the preferred orientation appears to be a function of layer

thickness for the range of thicknesses stedied (-1 to 17 pm) . It is

believed to develop over distance due to a a’z~~eticn between the

growth region orientation at the advancing interface (required by

lattice registry of the bcc and A15 lattices) and tha tendency of

Nb3Sn layers toward a natural growth direction , A].5 (100); this

etition is ntderated by in situ annealing of the Nb3Sn as growth

advances. Consistent with this rrodel is the fact that surface

preferred orientation of a diffusion layer on a given Nb (h k t)

• substrate, both for as-grown surfaces and for internal surfaces exposed

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

— ~~~~~~~~ • •• • •• •  - - — -
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layer thickness regiites have been identified and associated

with variations in diffusion layer properties according to the orienta- I -

tion of the underlying Nb substrate. These thickness regime behaviors
• 
I and the Al5 preferred orientation dependence on substrate (h k &)

I’ suggest that a diffusion layer on a given Nb (h k L) substrate orienta-

tion has a specific “personality profile”. Trends in T~ and lattice

parameter as a function of layer tin ocitiposition suggest the

possibility of orientation effects in Nb-Sn nucleation and growth

kinetics, perhaps also with ii~~lications for phase equilibria and the

ordering effects of in situ annealing.

Scanning electron microsa~ y shows micxostructural variation

am~ig diffusion layer samples of differing A15 layer thicknesses on the
. •

-
• same niobium substrate orientation , between layers on differing sub-

strate orientations fabricated under the same conditions and to the

sane thickness , and between samples of different substrate geanetry .

~1so 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 Nb3Sn exhibiting preferred orientation arising fran the influ- f -
•

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. T~ flODUCPION

The mechanical properties of superconducting materials

have been of interest and concern to researchers in the field of

superconductor technology since the discovery of high field super-

conductors about two decades ago;1 The inherent brittleness

of many of these high field superconductors , specifically the A15

crystal. structure materials , requires the development of unique

processing and fabrication techniques for the manufacture of

practica l conductors . Diffusion-processed A15s are currently being

investigated for use in multifilanr ’ntary ccmpDsite 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 t~~peratures, T~, (as high as 23K for Nb3Ge) high

criticdl current densities, J~ , (e.g., 2x1010 a/rn2 at 3T for Nb3Sn)

and high upper critical ~~gnetic fields, H~ 
(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 behavior of these

A15 materials. The key roles of stoichiometry, long range order

and crystal perfection to the enhancsment of superconducting p uperties

have been widely accepted , although still under active investiga-

tion 13,4,14,15,6 But interest is also turning to establishing

the effects of substrates on the fabrication of the overlying A15

- - - - - - - ~~~~~~~~ -~~--—-- ~- - - --—— -~~~~~~~~~~ - - - ~~~~~~~~~~ ~~~ — -.— - -~— ~~~~-~~~~~~~~~~~~~~~~~ —~~~~~~~~~— —- - -—-— - -~ -~ - -~~~~~~~~
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material, for example, the utilization of a substrate wit~atible

with that of th3Ge to determine the influence of epitax ial growth

on the final physical properties of this high T
~ 

Al5 •
17 ,18

Frc~~ a irore microscop ic point of view , crystalline

orientation effects have been observed in the properties of high

Tc type-Il transition metal superconductors including the A15

materials and elemental Nb. Two specific examples which are well

~~cumented are the existence of anisotropy in both H~~ and the

superconducting energy gap , ~~ .‘~ Initially these anisotropies

were viewed as fundamental. prop erties of the material , hut as

evidence accumulates the case for the intrinsic nature of an is tropy

is less than convincing. t3oStock has pointed out , for example,

that the exper imental evidence supporting energy gap anisotropy

is tenuous at best;2° similarly, although H~ anisotropy is

mere widely accepted , its magnitude and its effects on such phenomena
21,22 , 23 ,24

as grain boundary flux pinning are still under debate .

Other microscopic effects in A15s which are dc~ionstrab1y irr~ortant

include the grain size dependence of and the structural

transformations of scme A15s at low temperatures .25

The material of izrn~ diate interest in this research is

diffusion-processed Nb3Sn (T
~~

lO .3K , Hc2 (0) =28. OT) . The high

critical current density (2. 0x1010A,4Th2 at 3T) and relative stability

of its A].5 phase have made Nb3Sn the subject of extensive studies,

both as an A15 structure in itself and as it relates to fabrication 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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tectinologies •2 Nb3 Sn layers which are grown on a texture d surface ,

whether by diffusion , sputtering, CVD, or coevaporation , might be

expected to exhibit texturing themselves. A directional relationsh ip

between a clean Nb (110) substrate and Nb3Sn

diffusion layer was first reported in 1969 by Jackson and Hooker.26

However, few studie s of preferred orientation and lattice registry

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

&)ne to date . 27 , 28 , 29 A characterization by Diadiuk of the

surface properties of Nb3Sn grown by Sri vapor diffusion indicates

a definite relationship between the crystallographic direction of

the niobium 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 (ill) substrate orientation compared to

those grown on non—Nb (111) orientations .

The goal of the present research is to investigate the

preferred orientation effects , structural and behavioral , in the

- 
- bulk of Nb3Sn diffusion layers as a function of the substrate

crystallogr aphic direction . The evolution of preferre d orientati on

effects frc~n the Nb3Sn surface towards the Nb3Sn-Nb interface
- 

- the the nature of the Nb3Sn-Nb interface itself ar e a particular

emphasis of this investigation . The results of this investigation

can be expected to be of inrrediate 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 A15 materials , in general , and diffusion-processed Nb3Sn ,

in particular . A brief description of the variou s experimental

techniques utilized in the research , with their respective advant a~ps

and limitations , will also be presen ted .

Chapter 3 is a review of the actua l experimental equi~ nent

and techniques used to prepare and analyze the samples.

Chapter 4 is the presentation of experimental results.

These are presented in terms of the particular investi gative technique

~ nployed and the crystallographic orientation of the niobium

substrate . Also included is discussion of the experiir~ntal results

in the context of previous and ongoing research in the area of

superconductivity.

Chapter 5 sunrnarizes the conclusions drawn frcxn this

research effort and makes recc*~trendations for directions of further

research beyond the scope of this thesis.

__________ — - — — — -~~~~~~~~~ -——.-~~-- - -- --~~ - S ~~~~~~~~~~~ ---~~~~~~~~~~~~~ — -- - --
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II. B~~KGI~X~~

High field superconducting materials have been the source

of many interesting and perplexing questions concerning their micro-

structure, superconducting prop erties , and mechanical behavior .

An~ng 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 , tap es, and ribbons) and cavities

for high energy accelerating structures use diffusion processes in

the formation of A15 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 ccmnercial

utilization of Nb3Sn and other A15 alloys . For example, Nb3Sn

composite wires under tensile stress often exhibit fiber breakages

which initiate due to Kirkendall voids at the Nb3Sn-bronze interface

where the Nb—Sn diffusion reaction takes place ~30 ,3l Also super-

conducting microwave cavities coated with a Nb3Sn diffusion layer

exhibit high rf losses and degraded Q values at regions thought to

be characterized by excessive stress concentrations .32 ’33’34 ’35

The relationship of substrate-layer interaction to layer

stoichica~ try, long range order and crystallim 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 I3ardeen, Cooper ,

Schrieffer (BCS) microscopic theory of superconductivity which

successfully accounts for the second—order phase transition , the

observed electrical properties (no measurable resistance) , and the

observed magnetic properties (perfect diamagnetism plus a Meissner

effect) of the superconducting state.36 The BCS theory links the

state to the existence of an energy gap in the excitation spectr~~

of electrons due to an attractive electron—phonon interaction resulting

in a paired electron boson state .

37
The BCS theory and its strong—coupling extensions

predict that, given: N(O ), the electronic density of states near

the Fermi surface; an average <to> and a mean square averaqe <~~
2 >

of the phonon frequencies; an average of the electron-phon on coupling

matrix elaient over the Fermi surface <i2>; and an appropriately

renormalized effective Coulcitb pseudo-potential , ~~~ , one can

accurately calculate the superconducting transition temperature, T~
,

for nrst metals •38 ~~ The parameter A , the electron—phonon

coupling constant can be introduced to reduce the number of required

parameters to three, since

= 
N(O) <~~~> where M = ion mass

- M < w >

The formalism works very well for describing superconducting behavior

in s-p band metais 39 ,40

H~~~ver , an explanation of the superconducting behavior

Ii
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of transition metals and alloys has proven irore elusive.4
~-’42

Concern centers on those d-band alloys which form in the A15

structure. (See Figure 2.1.) This structure has the stoichiometric

cxrupos.ition A3B where the A atom is a transition metal . If the

B are transition metal atoms , the A15 generally has a noderate-to-

low Tc (<10K) , while for non-transition metal B atoms, the A15 may

be a high Tc superconductor (T
~
>l5K). The A atoms form three mutually

orthorgonal , nonintersecting chains and sit in the tetrahedral sites

on the faces of a body-centered cubic lattice of B atoms. The

highest Tc A15s have been formed with Nb or V as the transition

- metal. A atom; interestingly, Nb and V are among the elements with

the highest T0’ S and are the only el€ments which are type-Il
43superconductors. The A15 structure normally can form over a

range of cctrpositions close to and including A3B . In partic~.i1ar ,

the A15 phase field of Nb3Sn extends between 18 and 28 atomic % Si~~

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

diagram.

Ashkin and Gavaler have observed a definite relations hip

between T~ , stoichiotretry and A15 phase stability in the Nb3X

series where X is Sn, Al, Ga, Ge or Si.’5 For a given alloy of

this series the Al5 phase has the highest T0, and within the MS

- 
phase the aiposition closest to A3B stoichiometry has the highest

Tc.~ 
2~dditionally, the more ordered the material , the higher its

T
~
. Furthermore, T

~ 
increases in the series as the size of the

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

-- ~~~~~~~~~ -~~~~~ ---- —-—- -~ ~~~~~—- - --~~~
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( B

~
j L  

-

2.]. A15 UNIT CELL -- The A atoms form three mutually
- 

orthogonal chains on the cell faces . The B atans
are oh the body-centered cubic cell positions.

L ~~ - - ~~~- ~~~~~-.- - ---~~ -------- -- - - - -  ~~~~~~~~ - - -
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critical to maintaining high Tc’ s. The importa nce 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 properties ).5 ,4,14, 45

Thus disorder in the chains where X atoms replace the Nb is thought

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

degrading T .  -

Additionafly , phase instability arises as the X atom size

decreases. In particular , the ordered sthichio inatric A15

- 
phases of lower atomic number become less stable and therefore

increasingly sore dif ficult to prepare . For example , single phase ,

high T~ Nb3Ge can only be formed by sputtering , CVD, or electron—

beam coevaporation onto heated substrates15 as ccmpared to normal

metallurgical processes (arc—melting, etc.) used to form Nb3Sn.

Smaller X atans in the Nb3X Al5 capounds appear to lead to the

highest T0
t s, but also result in an unstable lattice configuration.

Impurity stabilization appears to one solution to the fabricat ion

difficulties of such compounds as illustrated by the apparent

role of oxygen in stabilizing Al5 Nb3Ge~
6 ’47 ’48

The pseudo-one dinensionality of the d-electron chains

might also be expected to contribute to a marked anistr o~~’ in the

upper critical field , H~2, through Fermi surface anisotropy and

Fermi velocity . ‘~~ (Note: Hc2 is also terr~~rature and irrpurity

dependent.) 49 Anisotropy in H02 has been investigat ed extensively

as it relates to grain boundary flux pinning in A15 conijx)unds 51~2i~23 

~~~~~~- - _~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Free energy differences (whose potential sources include inherent

strains , impurity clusters or structural anomalies) across the

grain boundaries result in an orientationally dependent free

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

H02.
51 Actual measurements of H~2 anisotropy in V3Si by

Kramer and by For ier have produced different conclusions about the

magnitude of the anisotropy (Kr amer finds a value of approximately

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

role of 11c2 anisotropy in flux pinning is unclear.21’23 However,

the importance of impurity effects is clearly demonstrated in

de Haas—van Aiphen measurements on single crystal Nb3Sn by

Arko, et al., which shows an increasing Hc2 anisotiopy With

increasing sample impurity ~52 Because the observed relationships

of H
~2 

to grain boundarie s, strain fields , and impurities are

directional ly dependent , one might expect pre ferred orientation

effects to manifest themselves in a detectable 11c2 anistropy.

An example of the effect of microstructure on the super-

conducting properties of Al5s is the dependence of the critical

current density; 
~~~~~ 

on grain size. It has been demonstrated

that can be enhanced by grain size refinement and by the
11addition of fine precipitates of non-superconducting iraterials.

It is not clear whether it is the precipitates themselves or

their effect on the grain size which increases

Many Al5 phase materials exhibit ana~alous elastic

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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behavior and struc~~ira1 instabilities. Ultrasonic ~~~erii~ nts for

both V3Si and Nb3Sn show a softening of the lattice upon cooling

which is arrested as the material passe s through a structural trans-

formation temperature . (Tm ~~~~ 21K for V3Si and T~
i-1~I 43K for Nb3Sn) .

~~~~

The structural change s are cubic-to—tetragonal martensitic trans-

formations, however , the transformation does not occur in all

samples of a qiven material for , as yet , unknown reasons .53 A similar

structural transformation in Laves--phase ZrV2, a C15 material,

has been attributed to an electronic instability possibly associated

with internal-local-stress distributions ~~~~~~ Martensitic trans-

formations have also been observed in other high T0 AlS’ s such as

V3Ga 55 and Nb3A1 75Ge 25.

Before proceding with the discussion of dif fusion-

processed A15’s, it is germane to define some of the terms which

will be used extensively . Each grain of a polycrystal lir ie aggregate

has a crystallographic orientation differen t fran that of its neighbors .

Considered as a whole , the orientation of all the grains may be

-

- 

~- 
randomly distributed in relation to sate selected reference frame,

or they may tend to cluster to a greater or lesser degree about saie

particular orientation or orientations. Any aggregate characterized

by the latter condition is said to have a preferred orientation or

texture, which may simpiy be defined as a condition in which the

distribution of grain orientations is nonrandczn.57

The importance of preferred orientation lies in the effects

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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it has on the overal l macroscopic properties of materials. Given

the premIse that single crystals are anisotropic, i.e • ,  h~we

different properties In different crystallographic directions,

it follows that an aggregate having preferred orientation must.

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 .~7

Preferred orientation can be prcxiuced by the fabrication

process itself , such as roll ing or swaging , or it can result

fran forming the material on or in a structure which is high!y

textured by previous plasti c deforma tion or by virtu~. of being a

single crystal itself. Vthen forming diffusion layers on the latter,

the substrate is perfectly ordered resu lting 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 tak e advantage of the avai lability 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 gro~rth of a material on a

single crystal substrate where both substrate and overlayer have

crinpatible crystalline structures and very similar lattice

parameters .58 Heteroepitaxy is the growth of a material which

~ 

~~~~~~~ - - - — -~~~~~~~ -—----—-~~~~~~~ — - - - --
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differs in structure and composition from its underly ing sub-

strate on a single crystal substrate (as opposed to homeepitaxy --

same structure and composition) . Heteroepitaxial growth leads to

an interfacial misfit strain which is due to the difference in

r the latti ce parameter be~~~ en the overg~~~ Lh and substrate.

to a critical thickness of the overgrowth , which can varj from
0

50 A to 8 ~trn, this strain at equilibrium conditions is acco rmodated

by pure ly elastic deformation and beyond , by misfit-relieving

dislocations.59

— 
The value of this thesis research effort lies in its

contribution to a comprehensive systematic investi gation of the

relation ship of the microstructural and behavioral properties of

diffusion-processed Nb3Sn overlayers to the orientat ional 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 niobi~ n. The authors noted that the first few

surface nrnolaye rs of the Wb3Sn film differed orientationally fran

the film’s bulk and concluded that true epitaxial layers of

Nb3Sn could be made on clean Nb (l10) surfaces .26 However, in 1975 ,

Strozier , et al., in a similar study [a LEEI) and 2\ES investigation
- 

- of tin evaporated onto Nb (110) and Nb (100) surfaces] did not 

— - ~~~-‘ --~~—-~~~--- - -—--———---- — -~------—-— - -- - -—-—~ -
~~~~~~~
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observe a true epitaxial gra~Lh of the Nb3~n on the Nb (110) and

Nb( lOO) surfaces .6° Rather , the Nb3Sn grew in s’null crystallites

which were oriented in the plane of the Nb surface but ranc~only

oriented about an axis perpendicular to the surface . (This

arrangement is referred to as a fiber texture).

Jacobson, et al., have studied the xicrostructure of

electron-beam deposited Nb3Sn to investi gate relat ions between

structure , cariposition , riorphology and superconduc LLng

properties.6~- They found that Nb3Sn grm~s as fibers or columns,

with grains varying in size from 250 A to 2000 A (finer grains

result from higher growth rates ) . Of notable interest is the

observation of a strong texturing suggesting a Nb3Sn<200> preferred

growth orientation . ?~nen excess tin was observed in the form of

Nb6Sn5 (body-centered orthorho rrbic structure) , it appeared as

da~~-shaped cones protruding above the film surface and surrounded

by an inha~ogeneous, irregularly-sized Al5 grain structure exhibit-

ing twins and faults.61

Diadiuk ’s characterization of Nb3Sn 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 be

discussed in nore detail later in this chapter .29

In discussing diffusion-processed A15s, it is important

to recognize that diffusion -proc essed A15s are of keen interest
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to researchers because of ti-air numerous practical applications and

because of the interesting complexity of the diffusion process

itself. Great effort is being direct-ed at ritultifilarnantary composite

wire fabrication by the br~nze 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 ~:x-~twz~~ t the Nb3 Sn filaments and the

respective matrix induces compressive strains in the Nb3Sn which

mast be overcane by the application of a tensile stress to maximize

its superconducting properties •62, ~~ Ho~ever , th~ thermal

mismatch between Nb3Sn in contact with Nb is less significant .

Considering only thermal expansion , Nb3Sn 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 tenperature~
4

In addition to the attention given to co~~osite wires,

math effort has been de~~ted to the study of lining cavities with

diffusion—processed Nb3Sn~
2 ’33’65’66 ’67 ’34 ’35 The linings of such

cavitie s are made by the process of a heating the pure Nb lining

in a saturated tin vapor resulting in a Nb3Sn diffusion layer, the

thickness of which generally follows a parabolic growth equa-

tion.68’65’66’67’34’35’69 The resultant growth equation is:

x = k t°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~ S 1K arid unacceptably high

rf lo~ses.70’67’34’71’72 The origin of these quasinerinal regions

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 Nb3Sn

layers, especially the Nb (lll) orientation.29’72’73

A study by i)ickey , et al., of thin fiii~is of Nb3Sn on

Nb [tin evaporated onto thin polycrystalline Nb foils arid the Nb (110)

face of a niobium single crystal , and heated to react the tin ]

indicated a sensitivity of film proper-ties to post-fabrication heat

treatment. The authors attributed this to competition between

diffusion of the tin into the sample and re-evaporation of tin from

the sample surface.74 In optimizing formation , the authors chose

temperatures between 800 and 900°C to achieve a delicate balance

between loss of tin and sufficiently rapid fonnation of well—

ordered Nb3Sn.

The kinetics of Nb3Sn growth in niobium-tin diffusion

couples (a diffusion couple is an assembly of two materials in such

intimate contact that each diffuses into the other 75) was studied

by Old and Macphail.76 They found that the Nb3Sn growth was not

determined solely by a diffusion mechanism (the .5 exponent of

reaction tima in the previously mentioned growth equation) , but

rather a combination of diffusion arid solution deposition mechanisms 

- ~~~~~~ -—— - -—-— —-~~~ —-~~~~~~~ - — ~~~~~~.—- ~~~~ - ——- -  -— ~~ -- -. ~~ — ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ —— --~~~~-
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caused by the presence of liquid tin which depends on thermal gradient

mass transfer of niobium (x = k t 0.36) Easton and Kroeger

determined a similar growth equation (x = k t 0.32) while

investigating the effects of Kirkendall voids in bronze-processed

Nb3Sn multifilamentary composite wires Kirkendm~l voids form

at the filament-matrix interface because Sn diffusion into the

• Nb filament is accompanied 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 Nb3Sn multi.filamentary conductors ~30

Although the diffusion reaction in this thesis research is believed

to have a t° ~~ 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-vap or 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 •29 Specific A15 orientations

at the Nb3Sn surface were inferred f run X-ray and reflection

electron diffractonetry (RED) data.

_ _ _ _  -
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The microstructure of Diadiuk’ S Nb3Sn layers grc~m on

non— (111) Nb substrate directions is similar to that observed by

Strozier, et al.,6° Jacobson, et ai.,6~ and Kniesel, et al.,34

in that it is compri sed of fairly uniform columnar grains of approx-

imately 1 pin size .29 However , layers grown on the Nb(lll) sub—

strata direction differ substantially. These layers exhibit

extremely rough rrorphology , have grains which are loosely packed

and irregular in size arid distribution, and include actual micro-
29

cracks and pores in layers grown on curved substrates. Super-

conducting tunnel junction measurements indicate a degradation of

superconducting properties in the layers grown on the Nb (ill)

substrate; additionally , Auger analysis shows high levels of

oxygen and carbon within the bulk of these layers relative to

layers grown on non- (ill) bcc directions . The carbon impurities

remained in the absorbed state for the Nb (ill) substrate orientation

at least 10,000 A into the bulk while it changed from the absorbed

to a bonded state in the noo— (lii) substrate diffusion layers within

100 A fran the surface. This evidence points to a relationship,

based on structural stress , between Nb3Sn 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 ,26 Strozier , et al. ,60 Jacobson, et al. ,6l ) examined

only a limited variety of substrate directions ENb (lOO) and Nb (110)].

I f  
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¶flDgano has mere recently reported texturing effects , determined

using X—ray pole fi gure analysis , in Nb3Sn and V3Ga diffusion

layI~~~ f~Lr ~ c~tcd on polycrystalline substrates . The pole

figure determinations illustrate crystallographic texturing of the

A15 le~~r~ corresponding to the bcc substrate directions. The

textures found , however, were other than simple fiber textures

due to the pelycrystalline nature of the substrate . 27 ’ 28

In addition to the ~orh of Diadiu}?9 and ¶[t gano, et al. ,27 ,28

the interaction of the substrate with an Al5 over layer has also

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

diffusion-processed material , but substrate—induced quasi—epitaxial

• i growth of Nb3Ce on Nb3Ir anti bib3Rh. “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 ccmpatible

crysLalline structures arid nearly equal lattice parameters.58

But rather , “expitaxial” growth refers , in this case , to the idea

of growing a polycrystallinc film of a desired crystal structure

on a polycrystalline substrata of similar crystal structure. The

study showed that the range of Al5 phase hc*~~geneity, with a

~~cm~nsurate enhancement of T~, was extended by growing Nb3Ge on

polycrystalline Nb3Ir thereby taking advantage of the conpatibility

of lattice par~~~ters and identical crystal structures ,17 ,18

Engineering of a corpatible “substrate” may ocour naturally as in

• e case of Wb3C~e fi3ms. Oxygen profiles in the Nb3Ge films of

_ _ _ _ _ _  j
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Braginski suggest that oxygen may act to expand the lattice into

serving as a car~atible “substrate” for the rernainder of the film.47 ’48

-•1 
~ 

• 
-

Preferred orientation in pelycr ysLalline nkiter ials can

be detected by various experimental tcchnique~ nost of which

involve the use of X-ray diffraction. Var~ Lions in scanning

X-ray diffraction peak intensities as compar ed to a çow&er sample,

differing natures of Debye rings on X—ray pinhole c~~ -?ra photo—

graphs , nonuniformity in Debye-Scherrer patterns , anti direct anti

inverse pole figure analysis are the irost cor~rnnly utilized

X—ray indications of texturing.77 ReflectiOn electron diffraction

(1~ D) also yields infor mation which, ~~en interpret ed with the

necessary caution , can point to preferred orientation in sur face

material . ~hen preferred orientation is observed in diffusion layer

materials, lattice registry arguments are often useful in attempts

to match the substrate and overlayer structures , and to understand

- 

~- misfits in the corresponding lattices.27’28’29 Such argu rents

were used by Diadiuk, et al., to explain the associat ion of

particular bce substrate directions with specific A15 diffusion

layer surface orientations.29’73’78

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

n X = 2 d s i n e (2.1)

is satisfied (where X is the X-ray wavelength , d is the int~erplanar

~
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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 ) pianos of spacing d’ may be considered as a first-order

reflection from the (nh , nk , nl) plane s of spacing d = d’/n .79

From the exporimentalist’ s point of view, a contin~xus variation of

either A 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 0 , variable A) and diffr acto-

meter methods (fixed A , variable 0) ,  although information was also

gathered from pinhole photographs with menochranatic radiation

(fixed A , fixed 0) .

- )  The Laue method gives information about the crystal

orientation for single crystals (a pattern of spots geometrically

thtermined 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 menochromatic

X-ray beam with the Laue method for a rraterial with a non-ideal

fiber texture parallel to the incident beam (this is the type of

texture present in nest 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 Debje

r ings are associated with randcmiy oriented grains.

The X-ray diffrac tc~reter is an instrument for studying

crystalline material s by measurement of the way in which they
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• diffract X—rays of a known wavelengtth . The output of the diffract-

ar~ter is a strip chart recording of intensities of the diffracted

beam measured directly by an electronic counter . Di ffroctoineter

scans can be used to determine cry~tal lattice pac~.- rc-tnrs , for

• the determination of preferred orientation (when a r~owder

standard is available for comparison) and for the detennination of

the phases present in a given sample . Preferred orientation

determinations can also be made by co:~ 9ar i E;on of peak intensities

with intensitie s from a randomly oricnt~ 9 i~o~-~er sample on a

scanning diffractorreter , or by various pole fi gure techniques

on a texture diffractcmeter , c3eçending on the geometry of the

sam ple . A pole is the intersection of a crystal plane nonna l

with the surface of a reference sphere which encases the crystal.

A pole figure is a stereographic projection, with a specified

orientation relative to the specimen , that sh~~s the variation of

pole density with pole orientation for a selected set of crystal

planes .77 A sufficient anount of material umst be present for

the X-ray to see a representative distribution of the grain

orientations in the aggregate . In the present thesis resear ch the

Nb—Nb3Sn disc samples were of such limited size that attempts

at pole figure anslysis proved unfeasible. However , efforts in

this laboratory are presently directed at the pole figure analysis

of Nb3Sn diffusion layers fabricated on polycrystalline ~~ foils.

The current status of this study is presented in Appendix 3.

~ 
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It must be remembered that X-ray diffraction is a tool

for the investigation of the balk (— 10 ’s of pm) as compared to surface
- 0

layer information yielded by electron diffraction (-10 ’s of A). This

is due to the difference of the elcctron’ s mean frce path in the

material as cczi~ ared to the longer mean free path of X—rays .

For a description of the general theory , information yielded

and limitations of the scanning electron m1 cro scopa , energy disper-

sive X-ray anal ysis (EDX) and reflection electron diffraction (RED)

techniques utilized in this research, the reader is direct:ed to

two doctoral theses recently completed in this laboratory by

V. Diadiuk 29 and J. Gregory, 46 and refer ences to listed therein .
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- III. EXPERIMENTAL

This chapter descri bes the experimental procedures followed

— in the fabrication and subsequent analysis of Nb3Sn diffusion

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

relationship of correlations between struc ture and prop erties of the

Nb3Sn layers and their under lying niobium substrate orientat ions

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

Nb Sn and niobium lattices .

The general experimental protocol is to fabricate a Nb3Sn

dif fusion layer on a single cryst al Nb substrate , measure its

inductively , and c ’ Lain X-ray diffraction data , including diffract o-

meter scans and ha ck- -reflection pinhole photographs . (Direct X-ray

pole figure a1~5 ~S was att~~~ted on several s~~~les, but the

geometric constra: nt. of small sample size prevented collection of any

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

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

the norphology rind bulk chemical cc~~ osition 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 f low chart which illustrates the general

- . 
-- -
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Fl CURE 3.1 — Flow Chart of General Experimental Protocol

Grow Nb Single Crysta l

I Cu~ to rod or disc c ometries

H
if disc

_ _ _ _ _ _ _  - if rod
fPoli~h and etch I

React in Sn~-saturated

_______  
vap or to fabricate Nb3Sn
diffusion layer s~ ip1es

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

if sc if rod

- I : X-ray diffrac tometer f orient sample
scan -

back~ref lectiori ~~~~o~
j  I sE~VEDx

SEM/EDX etch to expose
interface

~(selected samples only) 
______

~ 

_~~~~~~~~ _~~~~~~~~~
-—.

~~~~~~~~~~~ _ . _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ £4



••- - --—- 
~~~~~~~~~ 

-. .---— ~~-— ~~~~~
-
~~~ r — ,- - -

~~
-.----- - —

37

experimental protocol described abDve ik re detailed descri ption s

of specific techniques follow .

29Nb3Sn Sample Fabrication

Single crystal niobium used for sample substrates ar e qn~.-;~
using an ultra --ii1~~~ vacuum electron beam floating rrolt~n ZC-~jC

technique . 81,82 The starting materia)s for the n:Lobium single cry~ LJ~
are 3. 2rrrn and 4. 6rrrn polycrystalline niobium rods from the Fa is~c~l

Cor~~ ra tion and Wah Chan g Mbany respectively, and both st ar Ling

— stocks are 99 . 9% pu :e. Spectroscopic analysis of typical niobium

- j  stod~ received from these companies shows the major impurities Lo be

Ta (-250 ppn) , V~ (<100 p~xn) , I-If (<100 pçen) , Zr (<50 ppm) , r- -
~~ (<5 0 ppm)

Fe (<50 ppn) , 0 (-50 ppnj , and C (-30 ppm) . However , the zone

refinin g whicI~ takes place during the crystal growth itself has

considerable purification effects •
83 Fabricating a single Crystal

begins with approximately 15 cm of the polycryst alline niobium rod .

In the case of the 3.2 rrrn diameter rod , a 2.5 cm single crystal (110)

seed was available to aid the initial growth. In the 4.6 rtn

diameter rod case, a succession of growth passes finally resulted

in a (110) crystal. Initially a polycrystalline rod is outgasscd

at approxin~ately 1500 C in a vacuum of 5 x 10 Pa. Several growth

passes are then made (grc~~tth speeds are approximately 9.5 cm per

hour) with the final growth pass at pressures in the low i0 6 Pa

range . This technique allows one to grow a single crystal which is

relatively free of impurities and has a structural ly smcoth , stress

free surface .83 The cylindrical axis of the final single crystal

~ 

j
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rods (3. 2rrtti and 4 .6nui diarreters) is oriented along the Nb (110)

direction ; therefore all major bcc s~mmetry orientations, (100) ,

(110), (111), and (211), are present at the cyLinder’s circuri tfer-

ence . See Figures 3.2 and 3.3 .  -

The single crystal cylinder s are then cut into two sub-

strata geometries: ±ocls and discs . The - rods are simply 9—12rim

sections cut from the as-grown cylinder. The discs are made such

that their planar faces are perpendicular to the major hoc crysta l-

locjraphic directions. Cutt ing is clone with a strin g saw (.. l3rrrn

nichrc&’ne wire and #600 silicon carbide grit ) . The disc faces are

then mechanically polished utilizing #320 and 4- 600 wet—dry silicon

carbide paper , a .3 micron alumina poiishing~’ whee1 and a .06 micron

alumina polishing wheel in succession . Finally , the discs are

chemically etched with hydrofluo ric acid until no mechanic al damage

is observable at 4 OX magnification with an optical microscope.

The actual Sn diffusion process ing of the Nb substrates

is done in an evacuated quartz ampule by a technique orig inally

developed by the Siemens 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 support s for the

rod substrates are . 76nrn 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 two spot welded . 76rrin Nb wires bcnt

4 
— -----— -- -~~. ~~~~-— -~~- — -~- ~~-~~~~~--- -~~~- -  - —- —‘- -——----- ———--~-- - .. A
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in a hair-pin shape and subsequently spot welded to a slotted - l3irn t

thick Nb foil. The Nb foil has a slot cut out in order to expose

the planar surfaces of the discs to the Sn vap or for reaction .

The quartz tube, with the Nb substrates in position , is

rrounted to a 200 liter/sec Ultek ion pump via a metallic flange

fitted to the end of the quartz tube . Before placin g the tube un~cr

vacuum, it is necked down between the nounteci substrate s c~nl the

metallic flange to approximately 2mm in diameter using an

acetylene- gen-hydrc~gen torch ccntiinat ion . The purpose of the

necking is to facilitate seal ing of the qua rt z tube once it is

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

tube is baked at 125° c in the i0 6 Pa pressure range to drive off

residual impurity gases fra ti the tube walls. The necked portion of

the quartz tube is now sealed , aga in utilizing the acetylene-

oxygen-hydrogen torch c~thination . (Note : the necking and sealing

procedures are extremely difficult due to the high melting point

of quartz.) 
-

The evacuated quartz ampule and samples are then heated to

980_10l00 c in a Marshall horizontal tube furnace. The tin well is

resistively heated at the same thre to produce a tin saturated

atnx sphere. The resistive heater is made of . 25ntn platinum- -

40% rodium wire windings in an alumina cement bowl which fits under

the tin well and . 5niit platinurn —40% rhodium wire leads to a DC voltage

source . The resistive heat er has 0.5 amps of current applied to

_________________________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

I ~
_ _ _ _ _ _ _
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raise the temperature of the tin well approximately 30° C. (This

current is optimal for diffusion layer fabrication) ~85 The

resistive heater , quartz ampule and a thernocouple 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

approximaEely six hours . The quartz ampule should be centered

in a reg ion where the temperature 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

gradients proved problematic to this author ’s samples . After the

quartz ampule and its ancillary equipn~nt have baked in the furnace

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

quench them to room temperature. (Note : Nben the author cooled 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 nolten tin onto the reacted samples . (This was done on one disc of

sample set 9141*.) The reacted samples remain in the sealed quartz

ampule until analysis begins.

Diffusion calculations can estimate the thicknesses of Nb3Sn

layers for various fabrication tunperatures and times. The thickness

of the Nb3Sn layer is estimated from:

*See Chapter IV and Table II, the Master Data Table , for the sample
numbering system .

— -~~~ ~~~~~~_ 
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-

d = 2 ~/5E where d = diffusion depth (cm) ,

t = t i r ne  (sec) ,

- -
- 

- D = diffusion coefficient (cm2/sec) ;

- i  and

D = D0 exp(-Q0/Rr ) where D0 = D(’1~ 0) and T = temp (° C ) ,

R = 1.987 cal/mole ° C

= activation energy.

I~ 1evant data : T = 1300 — 1350° C ,
2D0 = .022 an /sec,

= 55.4 kca1/iTo1e~
6

Experimental conditions : T = 1000° C

= 42.7 kcal/riole (extrapolated)

t = 2 0 hrs ,max

~~~~ = 10 m m .

Calculations:
— D = .022 exp (—42 .7x103/1.987xl .0x103 ) = l.067x10 1. an2

d (20 hrs) = 2 /l.022x10~~~x20x3600 = 1.72xl0 3 cm

= 17.2 inn

and d(l~~in) = 2 /1.022x1O~~ xiOx60 =1.6x1~
4 cm

= 1.6~~m

The reason for the temperature range listed under relevant data

is that this is the tanperature range for which D0 and were

determined. The experimental conditions call for T>930°C so that

- 11
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the reaction takes place in that portion of the Nb—Sn binary phase

diagram where the only allo~able ~oiid solution of niobium and tin

is the AlS phase Nb3Sn. 44 (See Figure 3 5.)  The actual thicknes s

of the calculated 17.2 pm flb3Sn l~~~r :~ :bri c~ Lec1 by Diadi.uk was

confir med experiiventally to be ~i7 ,~m L~’ anodizing across the

cross secti on of a sample and t-:-~-::in~ ~~~~~~~ of the different

color of an anodic film ce 1~b from that on Nb3Sn to optically

estimate the Nb3Sn thickness.29

The following sam~lc s~ ts (sc-a Table II ) comprise the basis

fo~r this thesis investi gation . Diadiuk ’ s 17.2 pm thick layer sample

set (fabricated as described ~bO—2a) is i — T! as -Lhe author ’s sample

set of maxiin’~rn layer thick ness. Diaciuk’ s sample set included four

disc~ of each substrate orientati on cut from a 3. 2niii diameter Nb

single crystal. The author ’ s sa~ ?1e sets , fabricated with layer

thicknesses of 12.1. pm, 2.9 pm , 2.9 pm , and 1.6 pm , included one

disc of each orientation cut from the 4.  6irni t diameter Nb single crystal - H

A 17.2 pm thick layer set (9115) was attempted by the author , but

inproper quenching (i.e~ , allowing the quartz ampule to cool slowly

in the fuu~ace) prevented the formation of any useful A15 phase

material. There are two 2.9 pm 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 pm is an oversight of the author . It is inpractical to

make samples thinner than 1 pm by th is Sn diffusion process due to

~ 

j



47

the extremely brief baking period necessary . One disc in the 12 .1 pm

sample set has an excess of free tin due to sloshing of tin from

the well upon removal of the quart z ampule from the furnace. Sans

of the data is therefore unavailable on this sa1r~Dle .

Sample Analysis

Upon removal from the ampule , the rod shap ed s~rnples are

examined ubilizing a bauk-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 substrate directions at the Nb3Sn collar

circumference . These X—ray photographs reveal circular rings of

fine dots which correspond to reflecting planes of the Nb3Sn

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 descr.iJ~ed

above.

T

Sanpie analysis started with inductive measuren~nts of

the superconducting critical transition temperature, Tc~ Standard

_ _ _ _



__________________ - -
~
—--.-

~~ ~—--.- ~ ~~—----~~ - - - - -.~ — ~-~- -.-.

— _________

‘F

48

inductive rigs are used with a 2OmV 400 liz ac siqnal applied

to a primary coil and a phase sensitive de Luetor to receive

si~na1s from a secondary coil . (Both rIgs utilized ware designed

and build by I. Puffer) . As the sarr~ J.e passed tbrouqh its trarisi--

tion from the normal to the supar x nciucbing ~-t ate , the change in

its magnetic susceptibility is dethc L :c3 in tJ~a s000nciar coil. A

germanium cryo—thei-m~ne-T:er , kept in thermal contact with the sample

and calibrated from 4K to 25K , measures the t~ c -raLu’-a during the

run . The sample is cooled in a liquid helium bath and warm:~i

via a resistively heated oopper can encasing the coils and san~ le

holder . The sample and the c —thern~~ ster ar e ai1c~ ed to reach

thermal equilibrium near the transition before going through the

transition to prevent any time lag in the ii errc matc~r reading as the

- , transition is made . Cooling and heat:i ng curv es have negligible

(~ .2K) hysteresis when this procedure is fo1io’~ced . ¶[~e signals

n~ nitored 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 1~b . See

thapter IV for a discussion of thi s behavior .

X-ray Diffraction

The X-ray diffraction studies are carried out in this

laboratory on a General Electric XPD5 diffract ometcr , a Sien~ns

texture dif fract ometer , and a Genera l Electr ic/Polaroid back-

reflection pinhole camera apparatus .

- - -  --- -~~~~~~— -~~~~~~~ --~~-~~
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X—ray diffracto~reter scans are mede only on the disc sample s

because the small diameter rounded surfaces of the rod samples arc

not conducive to scanning diffractonieter techniques. The sanplcs

are scunned from 20 = 200 to 20 1200 with filtered Cu radiati on

to 1r3 e advantage of the several uses of cliffractometer scans. X-ray

diffr action is a bulk investi gative technique and one would expeet

to s~’e (and indeed does) diffraction patterns corresp onding to the

Nb substrates as well as the Nb3Sn diffusion layers - By running

zepar~ Le scans of pure Nb substrate discs and scans of glass mount-

ing slides and adhesives , their pattern s ai:e identified and cai i be

subtracted fr m the sanple scan s to facilitate analysis. The only

peaks which cease difficulties in this vein are those caused by

the Nb (110) substr ate and the Ag conducting paint used as an

adhesive , both of whi ch occasionally obscure the A15(210) peak .

The presence of any other aks in the scans other than those

belong ing to the A15 phase Nh3Sn , the Nb substrate , or the glass

mounting slide and adhesive , would have indicated second phase

material in the sample. P~n anomalou s peak does appear in s~~ samples
0

(with no cliscernab].e regularity) at 20 37.6° (ci 2.39 A) which

corresponds very closely to the (026) reflection of Nb6Sn5. However ,

no other Nb6Sn5 peaks are present in the scans and identification

of this single peak as evidence of second phase material is

unsupportable.

Cc~parison of integrated peak intens ities of the sanple

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ __ _  ~~~~~~~~ - --



_ _ _ _ _ _ _ _ _  _ _ _ _ _  T1

50

scans with a scan of single—phase A15 325—Mesh Nb3Sn powder sample

(prepared by Dr. Stuart Cogan) is made to determine the existence

of preferred orien tation in the diffusion layers . Peak suppression

or enhancement y~rovides the key to this determination . (Integrated

intensity ir -easer~~~nts a-ore m ide by cutting out each peak from the

strip chart recording and weighing the cut outs on a Mettier H31

balance.)

Lattice parae~tcr measurements are also made to determine

trend s in the lattic e parameter as a funcUon of the substrate

crystallographic orientation and layer thickness. Because the

Bragg Law (Eq . 2.1 ) skoee interplanar spacin g, d (and therefore

a0, the lattice parameter) to be a funcLion of sin 0 , precision in

ci depcwdn~ upon precision in sin 0 , a derived quantity , and not

• upon prc-ci sion in 0, a measured quantity. It is therefore important

to make angular ireasurcuents for use in lattice parameter determination

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

- 
- sin 0 changes very slowly with 0 at these angles.

Back—reflection pinhole pho tograp hs are made using Cr ,

Co and Cu radiation, allowing one to sample various depths (rang ing 3

from — 9 pm to -30 pIn) of the specimen . For shorter wavelength 3

(i.e. ,  deeper penetrating) ra diation one expects (and does see)

the sing].e crystal Nb substrate Laue pi tern . For longer wave-

lengths , the Debye rin gs of the po1ycry~tal line Nb3Sn bec~~~

visible . These rings are indexed to th~ 71 3Sn refl ecting plane s

_ _ _  ---~~~—~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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° 88- 
- utilizing the standar d lattice p:-~r u - a L e r  value of 5. 29 A.

A typical phato~ u~-h contains fou r’ -La sJx con Linuous rings of fairly

uniform but very weak J r~ -eu~ ty. Meet otaq~~~hs were takc~i with

• a Cu X—-ray tube at 27 kV , i~ n~ aid a 20 m~nn~~ exposure with

~~pe 57 Polaroid film . Aftc-r c~~c~~H~i D !e~J*~~ : 17.2 pm thick layer

discs with a solut ion Y •- 1:1:1 for 10 ~~~cods , the

p113LO~Tar~~ aq~~i n ac.: l~~~~c rinee ~~- - : - r . i  i~ o~ :d on the single

pattern of ti e- j e  .: ective

Sa~~lf m d  iS \- S ~~ U ‘1 on ~ Sic -~ren~ texture dif fracLo—

meter u r i n J  the S~ i~J 2. ~5eflccL: c l  ~~~t ~i~l to d-~termine direct X—ray

pole f igures .57 Th~ i~ Leu ’e ~i-i n ‘. , ‘e~~d 1]a~e con~bined with

diffrac~ca~.1 ~er e: - 1- :i’.a a C-: -l el l 12 picture of any preferred

orientation , 1~~: - -. - e , j i  - ‘ sn~~io g-~ e ; - ~~L~:i- :- ;  (i .e ., too ~~eil to

generate neafl i - i [ni , ft LO ~~ b 1c2 X—- rr ’y e3 (J aal s) curtailed any

definitive pole ~:igur~ en .. lyui .e. h owever , efforts in this labo:L~atory

are presently directed at the pole figure anal ysis of N~ Th diffusion

• layers fabricated on polycryst alline Nb foils - The CU- status

of this study is presented in Appendix 3.

SF~ and FDX

The Mark h A  Cambrid ge Stereoscan at M. :t. ’r. was used to

investigate the morphology and inicrostructurc of the Nb3Sn samples.

Disc—shap ed samples are analyzed four at a tine, mount ed on a

rotating sample holder. However , rod-shaped samples have to be

_ _
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removed fran the SE~4 specimen chamther and manually rotated between

desired orientations . Samples are examined initially at a low

• 
magnification (500X — i000X) to insp~ct general structural features

arid then at hiy lmer magrii:Eications (l0 , 000X — 20 , 000X) to c-L’serve
• specific details of the microstructure . 

-

Each sample also has an EDX scan taken to determine

chemical com position. The detected X--rays originate approxiinetely

1 to 1.5 pm deep in th e  spa cim i ten so that identification of specific

— elerrents is an analysis of the sample ’ s bulk composition rather

than that of its surface. The EIDX outpat gives information

concernin g relative concentration s of individual elements . i~k~oiute

elemental concen trations can be determined only if a known standard

specimen is available for corrparison . A portion of a single--phase

Nb3Sn arc—melted button was utilized in this study as the

standard and allowed the author to determine the Sn composition

of samples to acm accuracy of ±1.0 atomic per cent (See Table II.)
Ii

i-~ I Selective chemical etching of the rod samples was performed

in order to expose the Nb-Nb3Sn interface for observation at

various magnification in the SEM . The rod samples were cut in two

geonEtries: 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 alun~ina polishing wheel . They were then etched

.
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by one of ioio methods : either by dipping the sample into the

etchant for the desired time or by applying drops of the etchant to

the 5~~~m Ile surface and allowing the surface tension of the drops to

hold Lbee in place as they chemical ly attacked the sample . The drop 
—

• method normally proved more effective than the dippin g method,

althouçh neit:Th~ :mc were readily renroducible.

The dipping etchant protocol was : 30 minutes of HF acid ,

followed by 1 minute of flF :fl~O3 — 1:1 , then 2 minutes of liP and

finally a 5 minute acetone ultrasonic bath. The HF:11N03 combinatJ•on

is ex~:rcaely powerful etchant of Nb3Sn while HF attacks the Nb

al.o-~e and is u~;e- -i to rcu ave any oxic!es left by the nitric acid

(nonouricluctiva oxides are detrimental to clear SEM analysis ) . This

• protocol gave tl ie reveal ing electron micrographs shown in Figures 4 .19

and 4. 20. Other etch protocol were also tried , e.g. ,  con~ inations

of HF , HF :HNO3 (1:1 , 2:1) , HF:HN03:fl 20 (1:1:1) , and HF’. Tines

varying from 5 to 30 minutes of strai ght HF and from 5 seconds to

1 minute of the I-F: 11N03 cothinations could expose the Nb—Nb3Sn

interface as clearly as in the above figures. The problem of the

proper etching ~echniques to examine the interface can possibly

be solved by judiciou s use of new, fresh , uncontaminated acids in

a carefully controlled and clean experimental environment .

L.A 
___________ _____ ____ - -
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RED

The reflection electron diffraction c~par:~ e~nLs wevo carried

out on the Phi lips transmiSSion electron rrncroecope at M.LT . BesL

• pattern definition and least background radiation were obte: i~ -~j

on Diadiuk ’s disc sE~~ 1es at beam energ ies of GO ke V arid on disc

samples VD Nb3Sn--Nb(lll) , VD Nb3Sn—Nb( 2]•l) [huth etched as describ e3

in Chapter IV) , and 9l41—D—lll at beam energies of CO he V. ?~lthouni m

RED patterns were obtained from the plana r su :facce of these d:L sc

samples, and from these patterns l\15 cry stal structure :e-is cor m f i r i i • ;d

in the layer , the faintness of the diffraction rings c~ aer\ cd suggested

that preferred orientation in the samples could be only vL i:y

cautiously inferred . The Nb3Sn diffusion J ayer r~1~ could not: be

studied by RED because the electron h-rca: , m e n d :cit on the sample

at glancin g angles of -3° , produces too large a becer spot to focus

over the curved sur faces of the 89

-~~ i

--- • -~~— - •-~~~~~~~~~~~~~~~ -• •~~~~~~~- -~~~~~~ --. -~~- ----
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IV . RESULTS 2~ND DISCUSSION

This presentation of e:~y-ar icuen~~J re sults will generally

follow a dual format , corre]atin9 ~:,ea~~J .cs of a given A15 layer

thickness and correlating s~ap~es :L hnr J c-et ed on su~:-st at:es of the

same bcc orientation. “Sc r~ ia se t? rctcr~; to a groupof rod—shaped

substrates and thei~~ associat ed , oriented disc substrates reacted

at the same time in the ser~ quartz a--~pa1e . Tabl e II is a Master

Data Table of all sample3 coeprising this matucly. itme 17.2 pm

thick 2\15 layer samples of V. Diadiuk are designated by VI) Nb3Sn —

Nb(h k ~); the author ’s sa’iioles are designated by the Julian date

of fabricat ion and st!hstraLe c~co:e:t:ry (D=disc , - rc’~3 ) ,  followed by

- 
) the (h k R~) orientation of the under]•ying bec snin:-oLreto for the

— disc samples and a 1 or 2 (l~4.6 ntu diamete r substrate , 2=3.2 rmi diameter

substrate) for the rod samples . For example, 9l92-D-lll refers to

a sample fabricated on 11 July 1979 which is a disc-shaped Nb

substrate with the bce- (111) orien tation perpendicular to the planar

- • face ; 9l41—R-2 refers to a sample fabricated on 21 May 1979 that is

rod-shaped and 3.2 m n in diameter.

Figures 4.12-4.15 and Figures 4 .23—4.27 present data for

discs in terms of the four major hoc orientation s shown on the standard

bcc— (110) stereograp hic proj ection of Figure 3.2.  This presentation

allows one to make a nore inmediate od.en~:ationa1. correlation of the

data .

- ~~~~~~~~~~—-~ -• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---•
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• TASLK II

- 14AS~ ER DATA TABLE -

CAt. ( :i~~T~;D T
~ ~ K+O . 2 K )  ~ r EDx L hT TI C E~4 - fl) — C 

~ ~~ PAPJ~ tr I1:R co:-~E ;Ts
~A.MP LE • TllIci-a;~ :-S C ; r . T  FI~~LU C’ K) (+ 1.0%) (+ . 00 O 1n ~~)

• (4-

VI) Vb 3 Sn - s b ( 1 0 0 )  17 . 2 jyn 1 7 . 7  1 6 . 9  0 . 8  2 4 . 8  0 . 5 2 8 4 9 -  - -

VI) Kb 3Sn — ~; b C 1 l 0 )  17 .2pn 17 .5 16.8 0.7 25.2 0.52941

V t) Nb 3 Sn--~~b ( U 1)  17 . 2/ ~~n 10 . 0  1 6 . 2  1 . 8  2 4 . 9  0 . 5 2 9 5 9
Vt) Nb 3S n-? ; b (211)  l 7 . 2 p :n  1 8 . 0  17 .7  0 . 3  25 .1  0 . 5 2 8 7 9

9 1 ) 5 — f l — i  17. 2 pm 1 C . 1  1 2 . 4  3 . 7  1 4.2  a *

9115—fi- -2 17. 2 1un 18. 2 14.0 4.2 14.8 a *
• 9115—0— 110 17.2/i n no A IS tran sition — *

9141—R-- 1 12.l p rn 16.0 14. 4 1.6 17.1 a *

9141—R—2 12.1/.t r.t ~7.3 15.7 1.6 18.7 a *

9141— 0—100 12.J prn 10.8 13.8 3.0 28.4 0.52974 *

9141— 0—110 12 .1 ,.:i 17.2 17.0 0.2 45.1 b c

9141— B— ill 12.1 jj:’ 1G .~ 10 .0 0.4 25.2 0 .53033

9141— 0-211 12.3/~r. 10.4 15.6 0.8 23.5 0.52960

• 9152— fl— i 2.9 pm 15.7 15.2 0.5 a 
- 

ci

9152—R —2 2 .9/t n 16.0 14.4 1.6 a ci *

915 2—0—100 2.~ ,ri 16.3 16.0 0.3 26.0 0.52957 ci

9152— 0— 110 2 .9/L m 16.2 •
15.7 0.5 21.8 0.52920 d

9152~ D- i11 2.9/zn 16.7 15.7 1.0 23.2 0.52993 ci

9152-0—211 2.91um 17.2 13.8 3.4 20.9 0.52989 ci

91 92—fl— i 2 .9p r1 15.6 14.7 0.9 8.7 a *

9192—R—2 2.9~ zm 34 .5 12.7 1.8 — a

9192— 0— 100 2.9 ,in 15 .9 14.4 1.5 22.0 0.52896

9192—0—130 2 .9/t n 16.8 15.7 1.3. 21.6 0.52897

9192—o-111 ’ 2.9/A rt 17.3 16.0 1.3 24.2 0.52969

9192— 0—21 1 2 9 1im 17.8 17.5 0.3 26.9 0.52938

9197— fl— i 1.6 pm no AlS trart ~ ition — a *

9197—R—2 1.6/zn no 1~15 tran cition — a *

9197— 0—100 1.G pm 17.7 14.2 3.5 32.2 0.52732 e *

9197—0— 110 1.6pr . 17.8 10.0 7.8 11.1 0.52647 e

9197— 0— 111 1 .6/tm 17.0 16.0 1.0 10.7 0.52870 *

9197—0—211 
- 

1.G pm 17.8 16.7 1.1 9.4 0.52725 e *

H 

•

—- -

~

- —~~~~-- - - -~~~~~~•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- --~~~--~~---~~~~-—--— -• -~~~--~~
-

~~-— - - -  -

57

NOTES ON TABLE II -— MT~S’IER DATA TA~.LE

a — lattice parameter measurements were not made on rod
shaped s~moDlcs .

b — lattice parameter e uieuients were not made on this
disc shep ’d sev~ple.

c — an excess of free tin on the surface caused by accidental
sloshing o~ rrolton tin during fabrication gave an
unusually high Et)X tin crer~osition and obscured
measurements.

d — these samples were fabricated at an unkno wn teir~erature

above 1000°C (estimated to be approx . 1150°C) due to a

filulty men itor thermz)COupl.c .

e - low EDX tin cc~~ ositions cen he attr ibuted to the

1 to 1.5 -
~~t penotreti-ze i depth of the EDX measurement

and the thin natur e of the diffusion layer.

* — indicates sample with an observed 9.2K Nb transi.tion
on the superconducting transition tertpe rature curve .

_ _  -~~~~~~~~~~~~~~~~~- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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T Me~~~~nerits

Inductive T
~ 

measurements of the superconducting transition

temperatures were made as describ-ud in Chapter 3. The values

presented in Table II (Master Data Table) are the transition

onset (T corres~oncling to 1% of transition ~j intu~o) ,  transition

finish (T correspending to 99% of tran eition magnitude) , and

transition width (t
~T~ 

= T~ ~~~~~~~~ — Te ~~~~~~ 
in dc- cp:ccs Kc1v.i~~.

However , in cases of th ick Nb3Sn layers on discs the Nb t:r~ risition

was generally not observed . Perh aps when this gecinetry of A15

layer is suf ficiently thick , it ccreens the transition of the lo;-:ar

transition tri -~erahrre niobium interior frcin the detecting coil.

Multi ple transiLions were observed both for the A15 layers arid for

the niobium crystal in soa~ cases, as might be expected for a sample

configuration consisting of both elceental Nb and Nb3Sn. (See

Figure 3.3.) The sample rods and discs with thinner layers generally

exhibited this behavior .- The 9.2K trans itior i of the Nb provided a

check on the accuracy of the Nb3Sn transition (± 0.2K ) . The magnitude

(vertical curve displacement between the onset and finish Lentperatures)

and shape (slope of the curve ) of the transition are generally

thought to depend on the volume of the saTiple with a given T0 and on

the uniformity of the sample cxiT%)osition, respectively.74 Since

the magnitude of the transitions in these samp].es are all of the sa~~

general size, suggesting that the variati ons in diffusion layer

voluma fall within the same ord er of magnitude (which they do) , it



~— —~~~~~~~ 
-~~ -.- -

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

to very small dif ferences in A15 thickness. The 1.6 pm thick A15

layers appear to be the thre shold of thickness above which the

diffusion layer discs do not exhibit a Nb transition . The slopes

of the transition curves axe all relatively smooth which means

there were no significant volumes of second phase material other

than A15.

Some very interesting trends exist on T0 (both onset

and finish) as a function of A15 layer thickness as illustrated

in Figures 4.1 and 4.2. For a given (h k £) of substrate the T~s

appear to fall into “thickness regimes” . Variations in Tc for each

substrate seem to occur as the layer thickens from one regime. to

another. These thickness regimes exten d approximately as

follows : 1 to 3 pm, 3 to 9 pm, 9 to 15 pm and 15 to 17 pm; Values

of T~ 
finish for all thicknesses tend to show much wider variations

than do the Tc onsets . Since Tc 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 pm layers m a y  mean

the incomplete atomic ordering and the unusually wide variation in

Tc finish.

There is, within the thickness regimes, an apparent

hierarchy of T~ value accord ing to the substrate (h k £) .  For the

L -— —
~~~~~

—- - —~ -~ - -—- —-— —- -—‘-— ~~~~~~~~~~~~~~~~~~ — ——~~--~~-— ~~~~ —- .~~~~--~~~—-~~~ -~ —~~ -~~~~~~~~ -- ~~~~~~~~~~~
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1 to 9 pm and 15 to 17 pm thicknesses , layers fabricated on Nb (211)

substrates have the highest Tc onset and Tc finish values; in

the middle range , 9 to 15 pm , A15 layers on the Nb (llO) have the

highest T0 values . of particular note is the T0 insensitivity of

the Al5 layer on the Nb(lli) substra ta to layer thickness: T0
onset is -17K and T0 finish is — 16 K for all thicknesses. The

consistency of t1~ee~ vai~~~; may be indicative of relative homogeneity

of the A15 material across the layer ’ s thickness as compared

to material on other Nb (h k 
~~

) directions .

The plots of traci sition width (AT0) versus layer thickness

in Figure 4 .3  for each Nb (h k £) substrate bear this out : T0 for

layers on Nb(11l) substrates is consistentl y — 1K. In terestingly,

ATc’ S of layers on Nb (2ll)  subsLr ates are of this same size even

though the T0 onset and T~ finish values are variable for this

substrata or ientation . At the other extreme, variation s of AT0

with thickn ess of layers on Nb (I O0) are unusual ly high . This

sensitivity of AT0 to layei thickness in this case may relate

to the two other observations : for the 2.9 pm Nb3Sn layers , the

increased fabrication temperature (>1000°C) of sample set 9152 as

o~rpa red to 9192 resulted in depressed Tc onsets and finishes for

all Nb (h k 
~~ ) 

substrates , except the Nb (i00) , where T0 increased ;

in the 1 to 9 pm thickness reg ime , Nb3Sn on the Nb (100) substrate

:ientation has the lowest value of Tc onset of any Nb (h k 2..)

substrate . 

_ - - - ~~~~~~~~--~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~ - -  -~~~~~~~~~~
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Lattice R~;istry

At this point, before e b-~x) ug on pre~er ting results

p~rt thnin g to structure of the A15 layers , it will be r r ~-ficic1

to suhsegu~nt rc~narks to interrupt U~ c:L ~:c~~.~~cn of c-> --ri~ .~~tr~l

results in order to pre::~nL so~~ ideas -:: ce:-~~L-~-r 1attic~ rccj~.~ i:~ y

between the Nb bce latLice and t~c~ Nb~~~I A15 ]i~t.tice , E-arin~. ‘ ion

of Diadiuk ’s 17.2 j~m diffusion l~yc~: surf ~ces , ~~ich E~re also

the initial gro~tth surfaces cf tb~~;e i~~ — i ~;, w: th RED iridicatcd

- 

- pre ferred orientation effects in the Nb~~n correspond ing to

specific underlying hoc sib~Lrr ~te orientations. (See T~-Ule III

This RED deterrnipat3on will h~- ~~~~~~~ ~Lcr in this ~~pt~ f ,

along with the author ’s P.~E;) re~uits ) . In o~~- -r to acccc-~t for

these experimental re sults , gccc r~Li-ic air~ .Tr ~n~-E: for l cLt ice egislry

were cmployed by Diadiuk to sugçjenL ~x~~~ L3~ - s~~~~fie  h—~c--PP.5

lattice associations .29

The calculation s of Figure 4.4 sh~~ ) r - ~ rc~ r~~-~~~ u~-~ the

interatomic spacing of the var ious planes to l z ~ ~~::s b ic  matchups

of the bcc and Al5 lattices. Diadiuk ’ s in1er~:c~ m c~iu~s frc~-ti her

RED results were : bcc— (100) 
I 

1A15-- (llO) , bcc—(ll 0) I ft-15-- (100) ,

bcc—(lll ) II~l5-(111) , bcc— (211) H zU 5—(].10) . Tho precision of those

-: lattice fits are expressed on Fi ure 4 . i  as the percentage of the A.l5
- j distance by which the registry is non--ideal: positive percentaqes

involve lattice contractions to match to the Nb lattice and negative

perx:nt .~e )~~ refer to the need for A15 lattice e~r~ r s i~ n~ to mat chto ft :

un~.1er1yin7 Nb.

-

~ 
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4.4 Gac*retric Consi’Th~-ations in the Lattice Registry
Between the Nb }c ~ nr~d Nb3Sn A15 Lattices
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Subsequent consideration of Diadliuk’ s registry associations

and the availability of the author ’s RLD a~-~:1 X-ray re~~~1~~~ (di scussed

later in this clvipter) have a11cc~~d testing of the vi ability of

these lattice registry associations lx)th by g~-c~1c1a-ic:~l sinru1at3o~1

of the lattice in 2 dimensions and by irenitor~ng of pr: -fcr red orient ation

effects as layer thickness is varied . Diadii~~’ s bco~- (110) I [A1 5— (100)

and bcc— (Lll)I IA]~5— (lll) registry scei~tions h::ve beer~ uonf .~m ~d by

the simulation; however , simulation of the pr~ x~-cd lattice

registry associations for bcc— (lOO) and bcc— (211) to tLc ~i5 were

unsuccessful . 2~n attempt to find a registry association by a

similar simulation for a bce— (h Ic 
~~ ) !2\15— (210) ‘.\ -~:s also unsuccessful .

This attempt was motivated by the unusually hiq~ X—ra ~y ii; ~~~~~~~~

of the A15 (210) peak noted in sci-v:~ral diff ree~~.~~ !er scans

(e.g. ,  see Figure 4.26) .

FurLher considerat ion of lattice regisby a~;s-:~cietions

and preferred orientation effects in the Nb3Sn layers will be

made in the course of discussing the natures of the microstruct ure ,

surface structure , and bulk structure of these ).ayer s .
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Lattice Parameter and Conposition

The lattice par ameter of the A15 phase 1’~b3Sn ~
- -~~~

-
~;

by measuring the d—spacing of several peaks in the X—ray d1

mater scans. App-endlix 1 iin~~ the ~~~~~~ Ic i~.eaks used to

calculate the lattice para meter of each disc ~;zn:~de . As - - r -y hi-.;~:

angle peaks as possible (those with sufficient intensity to ail~~-~
positive h Ic ~ identification ) were u-~~d in order to rrutn 1~ Lzc-

errors between the oh~~rv-od value 0 and the value used in the nun~-:r:~ Cdi

calculations , sinO . Soc Table II (i4aster Deta Table) for a

tabulation of the laLL:icc p alrcters.

A plot of lattice parameter vs. A15 lnycr thickness

(see Figure 4.5 )  reveals that for all layer thicknesses, a0
(lattice parameter) of Nb3Sn on a Nb (111) suhstrat:e samples is

greater than a0 for Nb3Sn on non—Nb (l11) substrates. A poss:Wle

basis for this behavior may be the comparatively high and pervasive

level of impurities for A15 on Nb (111) observed in Auger profiles

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

the lattice expansion and thereby the stability of the A15 str ucture

which grows on the ~~ (111) substrate .

The numerical valu es of a0 for all substrate orientations

• - appear to be similarly behaved to one another for all thicknesses .

The behavior defines two thickness regines: in the thinner ,

1.6 ~irfl layers, all exhibit a reduction in a0, but it is particularly

marked in the c.~sc of the i nyc-is on non -Nb(lll) substrates. The

jt ~

L - ~~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - ~~~~~~~~~~~~
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• reduction in a0 may ~~~i~e abeut because for such a thin layc~r , lattice

registry influences on layer structure and morphology e U the
46 .Nb3Sn gro~i-th surfaces play a relatively )ar~-n~ role in d~~ ona ning

the resultant: average value of a0 determined Ly X-ray a~n~ys:i n of

the layer than is true for thicker iayc rs . That the r ’dnoi;~ cn is

more severe for the non—Nil (111) suhstratn Samol e lnycr-; secr~’:; con-

sistent with the fact that: the Nb 3Sn lattice , c~uring initial layer

formation, in these cases , must contract to flU the Ire lntL)ce

thus adding to the total reduction.

Of interest is -the observation that t i n  ] :tion p~~n :n~Ln rs

of the 2.9 pm thick layer samples farricated eb a tcn~ ~: -ratu re

greater than 1000~’C (sample set 9152) are Con 3~sUen t Iy  cj nF ~~ for

a given Nb (h k 
~~

) substrat:e than their counterparts in the 9192

sample set (also 2.9 jim thick , but reacted at 1000°C ) .  Since larger

grain size also results £rc~ fabrication at higher tea-perature~

(see Microstructure Section) , perhaps there is also a bette r

developed lattice parameter. Thus , as the X—ray averages the

lattice parameter over the layer thickness, the relati ve 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 2~) substrate

orientation . The T~ onset for layers grown on the Nb(ll l) and

Nb (211) rea ches a maxinuni over the range of me~’ sured lattice par~cTveters,

while they dip to a mi nimum for Nb -~Sn layer on Nb (lOC) ) and Nb (110)

_ _ _  ~~~~- - - - - - - - ~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~ - - —  
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substrates . The Nb (211) substrate layer reaches a maxiimi-n T~

- 

- 

onset near an a0 of .5285 mu and drops precipitously beyond .5293 ma.

- 
- 

Peaking behavior occurs in finish of these Nb (211) substrate

layers corresponding to an a0 of - .5288 mu. However, then

finish drops of f sharply for larger a0 values. T~ onset is

reached near an a0 of .5296 mu for the Nb (lll) substr ate layer in

keep.ing with the possibility of the quality of the A15 layer

depending on iripir:Lty-induced lattice expansion in these layers .

The behavior of T~ finish for layers fabricated on the Nb(lll)

substrate s is relatively insensitive to variations in a0 just as

it ~-~a.s insensitive to l ayer thickness. Thus , whatever attribute of

the Nb3Sn layer it is which de-Lermines T~ finish must aiready be

present in the thinnest layers studied by the author .

The reason for the minim izing of T~ onset for Nb (100)

and th (1l0) substrate layers near the standard .5291 imi values f o r

the Nb3Sn lattice parameter88 is not understood . A15 layers fabricated

on the Nb(100) exhibit a peak T~ finish near a0 
- .5285 rim, while

for layers on Nb (110) T
~ 

finic • . pears to be steadily increasing

with a0 over the range of obsen - -ci a0. It may be significant that,
- I with the exception of the unexplained Tc onset minima for layers

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

inflecti ons , maxima, etc.) of T~ onset or T~ finish occur close to

the standard Nb3Sn lattice parameter value of .5291 rim.

______ - _ ---——--—-—-- —~~
- - _ — --- - - --—---- --~~~—
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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(i10) arid Nb(21l) layers

the lattice par ameter peaks near tin canpositions of 25% and 23.5 %

respectively, while the Nb (100) and Nb (111) substrate orientations

have lattice par ameters whicth continuously increase with increasing

tin composition over the range of measu red a0’ s. (However , the

scatter in the experimental data could allow one to plot the

Nb3Sn on Nb (211) curve behavior shaped as I”-v’, with a local
25%

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

sharply peaked, , with a maximum at 25% tin. The peak values
2ns

of lattice parameter for the Nb (110) and Nb (211) 1aycrs~ besides

being different frc n one another , also do not correspend to their

respective a0 values of maximum T0 onset for the same Nb (h k 9~) sub—

strate. The behaviors of a0 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 latt ice parameter as a predictor of

Tc.

The behaviors of T~ onset, T~ 
finish , and with tin

ca~~osition of the layers for each Nb substrate orientation

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

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

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

I__mi 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~- -— —~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - rn ---- — -~~~~~~~
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a maxii~~ very close to a tin o~n~ o~ J tion of 25~ (i .e.  stoicfrftr et:Lc

Nb3Sn) for all Nb3Sn , whatever its Nh (h k 2) s±~ t: ate oricntn t i(;~i .

The hierarchy of T
~ onsets f r c~ r~~J r ~~m to mini~ :m is: Nb3Sn ie~~-c

on Nb(fll) and Nb(211) substrates both be~c~ the s~ire Tc; then 1a~’er~;

on Nb(l00) ; and finally layers on I~b (110) . i~n (h ~:: 2 )  hicre~c~y

observed in tbc- narrowness of the T~ onset vs. % Sn pec~~ : 1~~~~~;

on Nb (3l1) peak very sharply near 25~ tin , in(llca-U ng h~y1~ scn~-~ ~ic2. ~
‘

to the de~~cc of cDT- iti.ne~l st~ichic-~v:ixy. The peek w : ~ s

for layers on Nh(211) , wid- :-2ns still nor e for layers o:~

and is the wi~c~t for layers grown on N b O J O ) .

In an attempt to conp~re the prcseet results with

observations )~~ other researcha~~, U auth n~ ~~~~~~~~~~~~~~ :~c1 ~ ‘ ; ~~-~ ~5Ofl ’ S

results 61 for electron beam c: ev n~e~:eted I •n Jeve ~s d~~~~-i ted

at a rate of 32 A/sec on 750°C s~hs~~e-.trs , Jacohson ’~ ]o-~-re~~,

high ten~peratu re ” designation . J acobsoe reports a very flat

maximum in T~ (presumably T0 onset) corres ponding to appro::Lro L~-ly

27% tin arid an increasing lattice parameter up to appnecn~~tc1y

26.5% tin, where it levels off . The constancy of a0 and the

accanpanying slow decrease in Tc beyond approximately the same value

of tin cai~ osition is attr ibuted to the phase boundary ) ~:tween

single phase A15 and the two phase req ion (A15 + Nb6Sn5). Follow-

ing this lo ic a step further leads this author to infer that Sn

ca~position values corre spondin g to T~ onset maxini for layers on

particular Nb (h k 9) substra tes may be due to textural modifications

of the standard Nb3Sn phase diagram (Figure 3.5) . i-~ i~~~~- diagram

- - ~~ - ~~~~~~~~~~~~~ —-
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determ ination s are usually made on hulk po] ycrystalline meterial

without regard to orientational effects and than utilized

without consid- . ation of this fact of o~:iq:h~. On the other hand ,

the diffusion layers of this thesis study are not ess~ri ly

fabricated under the conditions of ec)uilibriuiTi pe~:L~-in:Ln9 to the

standard phase d iagram .44

The plot of T~ 
f ini~I 1 vs. tin C ~ :-~:ft ic~1 , a~ T~

onset did above , sh~e~2~, }ic~ behavior that L~ s d J f : L ~~ian~ Tc
fini sh maxima f~r each ~-~n substrate o icet~~~on: a] LJ cucj i~ tte

curve for the hb3Sn layer on ~h(li0) CJ.O2S 1Y)t 1-~enci c:e-~~leLe1y over ,

the curve for layers on the other Nb (h k 2) ~ubst--~ ~~ all

peak near 25~ tin. ~~~~~~~ sai~~ C c L ~ Cii~/ of ~h H k 
~~~) ~~ c~. i -~ L~c ’~i:; ai~3

occurs for peek narrowness : layers on Nb(1LI.) e> .hil~i L the f::~e~;

that is most narrow, then layers on I~b (2ll) , 
~~~~~ 

Nb ( lO 0 ) ,  and on

Nb (llO) respectively in increasi ng width. The p~e~-H nq of finish

with % Sn , although consistent wIth the layer mstc r~ ~l being ~15 in

nature (the higher the value of T0 finish , the bi er the quality

of the t ’worst” A15 material) is also consistent with the

existence of lower T~ phase material , which at stoi cbiair~tr i c ccrrpas~. --

tion , is minimized .

The fabrication of a second set of 2 .9  ~Im thick Nb3Sn layers

(9152) on the four Nb (h k 9~) major hcc s~nietry directions at a

tc~iiperature greater than the 1000°C used for the other 2.9 jim sample

•t (9192) , gave T
~ 

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 secorr~ phase materi al as discussed above is

remote . This leaves the va~ ~-~aq Le~iriviors of T onset with
H 

- - C

I~b (h k 
~~

) substrate orientation as fur ther evidence of a

possible phase ~i~~~-~e: se-nsiti.viiy to layer e�xture .

The vs. tin c~ -:~-eesiL.ic n plots of Figui e 4.11 show that

for layers on the Nb(211) , L- ’~~ , i .e. ,  layer honoqeneity , passes

through an in~ Vctic-e rser “-‘ 23.5% tin , a value of oorT~osition

which also corresponds to the co~~osition of rroxiimr r~ lattice -

paraireter. The rLlinim rn in at 25% tin for ~b3Sn layers on

Nb (l00) s bs b:e-~-es is iYe~ Lc~. 1t:H-~ of a nsit:ivi ty of honogenei ty

- _ I to stoichiometry of corr iositio~i. A1t}~ee~i i the behavior of AT~
for the layer s on Nb(111) si~b~- Lretcn i s plotted as a stra ight line

(representative of insensitivity of ho:iogeneity to tin cea~osition) ,

it is also possible that the data points could determine a curve

which peaks sharply at 25% , as do T~ onset and Tc finish for layers

on Nb( 1U) . This peak ~ould lead one to suggest that , while layers

of Wb3Sn on Nb (ill) substrates are relative)y insensitive to

variations of layer thickness and lattice pa~ameth r , they are very

sensitive to ccqositional stoichiometry.

~
•1 
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Miciost ructure

D!a liuk cbserved a very definite dep ndc-nce of diffusion

layer micros Lructure on the orientati on of the underlying Nb

subs t:i-~ to. Figure 4. ].2 shows scanning electron niicrozjr aphs of

Dincliuk ’ s 17.2 j im disc samples .29 The layers grown on the non—Nh(ill)

substr ate though differin g fran one another , are generall y similar:

exhibiting a rough microsti-ucture con~rised of a fairly uniform

disb:ibution of coluenar grains of approximately 1 pm size .

The A15 layer on the Nb (ill) substrate , on the other hand, shors a

raicl i rougher and morTo fraqmenteci microstr ucture with a nonuniform

distribution of grains that varies widely in size and shape . Of

the nco—I--~b( 1l1) layeie~, diffusion layers the Nb (100) substrate have

the most un iform , smooth microstructure, followed by layers on the

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

Scanning electron microgr aphs of the author ’s disc

samples are displayed in the sama format at Figure 4.12 as

follows : sample set 9152 (2.9 pm) in Figure 4.13; sample set

9192 (2.9 jim) in Figure 4 .14 ; sample set 9197 (1.6 pm) in Figure 4.15 .

Figures 4. 16-~ .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 sample set

9141 (12.1 urn) because the poor picture quality (due to surface

chargin~;) added no ubetcnt ye informatic’n to the fol io~-7inq comnents.

—
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1~dditional1y , a low magnification photo of sample 9152—D—l1O was

overlooked .

- Examination of the diffusion layer discs of the 2.9 pm

( 
thick sample set 9192 in Figure 4.14 confirms the observatior~s

of Diadiuk for the 17.2 ~n layer on discs of niobium orientation

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

layers is roug h but the grains ~re packed with fair un iformity .

Interestingly, for Diadiuk ’s 17.2 pm thick Nb3Sn diffusion layers,

that on Nb (100) was of higher inicrostructural perfection than the

one on Nb (110) . For the author ’s rrn ~ich thinner 2.9 pm thick Nb3Sn

the order of quality is reversed . The rever sal echos the behaviors

of T~ onset and finish with ) ayer thickness, Figures 4.1 and 4 .2 .

The Nb (211) substrate layer is the poorest fri microstructural

quality of the layer s on non-Nb (111) orientations, and. looks 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 pm thick layers fabricated under

the sama oondition~ as the 17.2 pm layers suggest that the differences

observed between the thicker layers as a function of Nb (h k 2.) moderate

with decreasing thickness .

Changes in microstructure between the 2.9 pm thick layer

discs (sample set 9192) and the 1.6 pm thick layer discs (sample set

9197) are readily apparent in Figures 4.14 and 4.15 respectively.

The 1.6 pm samples have lost the “puffy” character of the grains and
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the substant ial differen ces between 17.2 urn thick 1- -~~~~n layers on

discs of various Nb(h k Z) have all but di ~~~~~~~~~~ wi ‘ch only

the Nb(2 11) substrate layer showing any distinction. The ireno r~-~

of microstructure in the 1.6 jim layers irresp ~ctivc- of substrate

orientation , may find Its orig in in layer ce;th kinetics re1ab~i

to the shortness of the time required to ro~c L thin- -layer

diffusion sa~~ lus , or in a rei a-Li ~~~~~~ of mi crost:ructurc , itself ,

to layer thickness , which is corisisLent with the above d i~eu~-sio~.

concerning the 2.9 pm thick layers. The time of reac tion is believed

to be the more likely cause becau se in the case of thin layers , ~~~~

is little tine for in situ anneaUng of the alrea dy fcn~u-i Nb3Sii

while the interface advances into the niob ium substrate .

Gregory observed such annealing affects in dc s~e I ~:cro~

Nb3Ge films: in situ annealing during film gr~~th m >~imined tJ~~

superconducting properties of continuously sputte red additions to

the films while simultaneou sly over—annealing the initial ly sputtercd

portion of the films, causing precipitation of phases other than N~ 3G:~

and conca~rnitant degradation of the film’s overall superconducting

properties.46 Although no ~eaond phase materials are observed in

the 1.6 pm samples (see Bulk Structure Section) T~ finish is m~ich

1c~er than for thicker layers : possibly this is due to the inad equacy

of tine available for the thin layer to form a well ordered A15 phase.

The similarity of T~ onset values for these thin layers and the 17.2 pm

thick layers (see Fi gure 4.1) ~~~~~~~~~ that- the A1~ r-it - ’-ri~l prc~cnt

Li —----~~~~~~~~- ~~~~~~~~~~ - -
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in the dif fusion layers is of higher quality for the thin and thick

extremes of layer thicknesses studied than for the middle regi~e.

At these same extremes of thickness , data is also more ti ghtly

grouped in value irrespecti ve of Nb (h k £~) .

The effects of fabric ation conditio~s c:~n be c s ve-~ in

Figures 4 .13 (sample set 9152) and 4.]4  (sair ~ le set 9192) . Sample

grain size depends on reaction temperature through an expenantial

dependence of size on the -temperature of the Sn vapor in the

alrVule .35 ’9° Larger grains result frc~ higher tc: )s~atnr~s as

indicated by comparison of the t~:o 2 .9  pm sample sets (9152 and

9192) : the 9152 disc layers ( fabricated only a~~ :o~L-.2Lc-iy

150°C hotter than 9192), in Figure 4.13 , sh~~ a 1ar~ -~r 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 tnm~;ei’ature

were noted by Jacobson , et a1 61 The shape of the grains in the au—

thor ’ s study rema ins generally unchanged , but is of a more

“puffy” character than are the 17.2 pm layer grains .

- - - - - - Diadiuk observed that 17.2 pm diffusion layers gw~’n into

the Nb (lii) orientation on the circumference 
- 
of rod shaped substrates

exhibited actual microcracks, see Figure 4.16 . However , the author ’s

rod samples do not exhibit this crac king phenom ena for any Nb

substrate orientation or layer thickness or rod. diameter studied. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- 4.16 S1~1’ s of VD Rod Sample Before ‘i~ iiperature—cyc1ing;
(a) non—(l ll) Nb substrate direction ;
(b) Nb (111) substrate direction .
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The author ’s 17.2 pm thick rod samples (9115) ho~ever , were

fabricated with an improper quench (i. e . ,  too slow) ; this difference

in fabrication process could e>plain the absence of the cracks

in this layer thickness . The thinner layers , hi,~ever , were

fabricated under the smie protocol as in~ t of D~aaiuk. These

observations ~.~ould seem to indicate that the critical layer thickness

for cracking of 3.2 mit rod samples lies in the regin-e L~t~-~acn

sample set 9141 (12.1 pm) and 17.2 pm.

Figure 4.17 illustrate s the rricrostructure of 12.1 i r a

layerson the Nb(lll) and Nb(l1O) orientatiors around the circu~1 nr-

ence of the niobium crystal rods (sample set 9)41) . There

appears to be little difference I ’ .’er~n the : ~~~~~ ~~ th~ t~?)

different orientations around t:he .rod , but the cxisicncc of

surface crystallites is a major difference bct~-, -~-en these circuie—

ferential microstructures and the “puffy” nature of grains

typical of the 12.1 pm layer of Nb3Sn fabricaL. ’d siirrultanoously

on oriented discs comprising this sai~~ c set. Figure 4.18 illustrate s

similar microstructure as in Figure 4.17 , but for the layer

diarreter of rod and comparing 12.1 pm thick Nb3Sn layers on Nb (l0O)

and Nb (111) . The Nb (1:11) orientation layer appears to have fe;~er

crystallites on the bigger diameter than on the smaller .

Figures 4.19 and 4.20 illustrate the exposed Nb—Nb3Sn

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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. 4.17 SEM ’s of Sample 914l—R- l : Left , top and bottom
Nb (111) substrate dire ction ; Right , top and
bottc~i -. Nb ( llO ) substrate dir ection .
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4.18 Sm’ s of Sample 914l-fl—2: ‘Ri~p left ne~1 bs~:~c-:.~ —

Nb (111) substrate direction ; ~~p ri~b~ — Nb(100)
substrate dircc Lion .

~_3 øs~_ ~~~ tO~~~~ 



• PINS 

P!! !1~~ J
_ _ _ _  

_

_  

_ _ _ _ _ _  I

I

a



• ~ ~2.8 OO~

~ ~I I  ~ ~
IHII~11111’ ~25 •tIIIIi•~ ani~

MICROCOPY RESOLUTION TEST CHART



__________

93

4. 19 SEM’s o~ Nb—Nb3Sn Interface ~x~os€’d by (JI~~rL~C~~L

ftching of 1~ d— Shaped Sartq le. Note flb3Srx “collar ”
on the Nb Substrate Core .

Nb -Nb 3 Sn
Nb Core

L

1O/.L Nb3Sn
•1 lc~yc~r

Nb — Nb ~~~Nb Core • 
~~~~~~~~~Ifl t~~ ~GC~

~

. . . ~~~ 4b —t IH 3 L

I . 4 —

H 
t I

Nb3Sn
10/h Layer

—- - . 
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4.20 SEM ’ s of —Shaped Sample after Chemical Etching:
— Nb ~Sn interface with non-Nb (111) directions

e,qx)sec’ L .t~~a — Vertical surface of ~ b after
Nb35n h~ n etched out .
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advancing A15 layer , leading to a very sharp transition from

Nb3Sn to Nb along the sample radius . No Kirkend al l voids were

expected to be observed30 and indeed none were . However , a ~. the

Nb (111) --Nb3Sn portion of the circixtiferential interf ace an

outstandin g feature is noted . (See Figure ~1 .19.) The Nb3Sn layer

exhibits appearances suggestive of second phase matcrial (Nb 6Sn5 for

exan~~Le) or oxides , althoug h the overall EDX nn~asuren~nts conEirn~
*the Nb :Sn ratio to be 3:1 . The th ickness of A15 layer ~t this

Nb(111) orientation is less than elsewhere . Per haps this thinness

can be attributed to prefere nLial etching (the layer is thinner 1:~n.it

the surface , not from the interface) , such as might result from

an etchant att acking reg ions of differenti ally high free c E ~ gie:~,

e.g., arising frc~i strains, impurities , or crystallographic

effects . Thus , the etch acts to map out the extant

of the strain field associated with the formation of Nb3Sn on this

particular subs Lrate orientation , the concentration profile of

ii~purities associated with this Nb3Sn , and/or the extent of a

particular texture character of the Nb3Sn. The extent of these is

extr~ noly limited : only 35 pin to either side of the Nb (111)

direction , corresponding to an angul ar spread of only -1° around

t .e sample circumference

*It should be noted that the standard Nb3Sn spec~rn~n used for
determ ining 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 (111) substrate orientations and the Nb3Sn layer in

view. Also sho~vr is the cylindrical surface of the exposed single

ciystal Nb core after etching : the “pockets” possibly indicate

an inward growth of Nb3Sn columnar grains . It is particularly

interest ing to note the similarity in app earance of these pockets

to the rnicrostructure of the 1.6 pm disc sample 9197—D—l00

shown in Figure 4.15 . This similarity , togethe r with the vs.

thickness reg ime 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 cemprising this study . Perhaps the

key will lie in consideratior sof similarity of the initial and final

growth surfaces of the Nb3Sn , i .e., the surface and the interface.

The extreme difficulties of exposing the Nb-Nb3Sn

interface as desired throug h chemical etching is denonstra ted in

Figures 4.21: a Nb3Sn crown rise s 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 . 

~~~~~~~- - -  - .-~~~~~~
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4.21 - SLW s of Rod-Shaped Samples after Chanical Etching.
Note the crown of Nb3Sn which rises alove the
Nb core .
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4.22 SI~ 1’ s of Rod-Shap ed Samples after Cutting , Polish-
ing and Etching: Top, loft and right - rubbed
edges of Nb core after polishing; J3ottc*n - burnt
edge of sample after string saw cutting .
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Surface Structure

Limited RED ar~ ~.‘sis of selected Nb3Sn layers on disc-

shaped samples was carr:~ - ~ut by the author to determine the

nature of the A15 layer race with respect to structure and

preferred orientation . r ;~: -~ to the fiat geometry required for

RED analysis, it was not possible to carry out studies on the

circumference of the Nb3Sn diffusion layers on rcxIs.

Diadiuk’ s RED patterns obtained for the 17.2 pifi thick

Nb3Sn layers on the Nb discs of Table II exhibited ‘~1.early

distinguishable rings in the case of Nb3Sn on Nb (110) a~.LC1

Nb (111) substrates, whereas for the Nb (100) and Nb (. ii) substrates,
- I the Nb3Sn layers yielded only arcs or a limited number of spots

on circular paths. (The co~~leteness of an P~D ring is an

indication of the number and size of grains contributing to the

diffraction.) All four RL~D patterns of Diadiuk show regions of

increased br ighthess along the rings or at certain areas of the

spots. Table III lists the reflections of layer observed by

— Diadiuk for each of her Nb disc orientations of Table III .~

Every ring present in the patterns was indexed to an A15 plane

strongly hinting that the nature of Nb3Sn layers formed on disc

gec*netry substrates by diffusion is single-phase A15. Indices of

the bri ghtest reflection (ring ) by eye have been encircled in

*The ~~A-X and SF film entries of T~b).e III refer to an 1~~~ Nb3Sn
single crystal and Nb3Sn polycrystaJ.iine film prepared at Stanford
which Diadiuk analyzed as part of her study . 
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TA B LE I I I  N b 3 Zn P L A N E S  OBSERVE D I N  R E D  P A T T E R N S  - VD DISCS

1- .
RED I N DEX E D REFLE C TI O N S

sampl e 
— 

A 15 Rings

(100 )-dis c 200 320 ~~~~~~~~~~~ 400 {
~

} 610 541

bcc 200 211 310 320 

~~ 
{
~ } {~

}
(11 0)-disc 610 541 614 761

bcc 200 330 422 {4~~~ 440 541
- 

534 614 752

(21 1 )..-d isc 320 
~Z D  422

RCA-X 220 32l
{

~~~~~~~~~~~~
f

~~~~~~~} 
541 613 615

SF film 

- 

200 211 310 320 422 
-

440 610 534 614 615 752 {750 }

- - --— -m --- rn —— - - -~~ --- -, --- -
~ 

- - --- -———.- -



Table III ; they corres pond to what is believed to be the preferred

orientation of the Nb3Sn layer for each Nb sample , being mindful

that one rcust proceed with caution concerning preferred orientation

determinations on the basis of RED patterns because of the

dynamic nature of electron diffr action .91

The disc samples sttxli ed l;y’ RED by Diadiuk had been lightly

etched with HF before BED analysis in order to r~ r~ve surface

oxides in order to generate clear RED patterns . The A15 layer

thickness after this etch is est:imated to have been a~çroximeteiy

14 to 16 ~m. Thus , the results in Table IV pertain to an etch-

exposed surface within a 1 to 3 pm wide re~ion at the initial

growth surface of the layer (i.e., 1 to 3 jim inwards from the

Nb edge) . The author further etched the Vt) Nb3Sn-Nb (lii) and Vt)

Nb3Sn—Nb(211) samples (HF : H~~)
3 — 1:1 for 1 to 2 seconds , then

HF for 5 seconds) to reduce the A15 layer to approximately 8 pm in

thickness. (The etch rate is highly speculative.) These

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

John Pars ey — J~1.I.T. Course III graduate student) for comparison with

Diacliuk’ 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 ’s thickness increased . Also examined

for comparison was the author ’s sample 914l-D-1ll (lightly etched

to remove surface oxides) , initially of Nb3Sn layer thickness

~l2 • 1 pm. Hereafter , the two lighyly etched samples are referred to 

~~~~~
__ - -- —-. -- ~~~~~~~~~~~~~~~~~~~~~~~ —
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- :  RED INDEXED REFLECTIONS

sample A 15 Rin gs

VD Nb 3Sn—Nh(11l) 2O0~~~~~~~2 330 422

(as— grown)

440 541 534 614 752

VD Nb 3Sn—Nb(1ll) 110 or iii 213. or 220 or 310

(e tched )
421 or 332 521 or 440

9141-D-l1]. 210 or 211 ~~~~~or 220 310 or 311

(as-grown)

421 or 332

V t) Nb 3Sn-Nb (211) 320 422 534

(as— grown )

V t) Nb 3Sn—Nb( 211) 110 or lii ~J0 or 2I~~ 411 or 330

(etched )
_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _I

TABLE IV N b 3
Sn PLAN ES O B S E R V E D  IN RED PATTERNS -

ETCHED A N D AS-GROWN DISCS 

, - - ~~~--- _._- - - - ~
_ ._ - - ‘__ - - - - --- - - -~~- ~~~~~— -_ - -_

~ -- -——.-_—-



~~~~ ~,,. —.,— —
~ 

— __ -
~~~

—--
~~~

-.--- .,— ~~
- — —__ 

~— —,-_
~—,——_-—---.—--v ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~—~,
—_ .—.—

~~~
- _ — _- —_“-_ -_-- -,-- —_ — —

~
.-.-_-—

~~~
—-.-

— —~~ - --—- 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 

- r ~

• I
103

as “as—grown” and the heavily etched s~m~:Je simply called “etched ” .

The objective of the second cc~~arison ~-~~s to dliscern whether the

“au face” nature of an as—grown Thyer of a given thickness differs

from the “surface” nature of a layer resulting frc~ etching down

to that san-c thickness fran an ori o:~ nally thicker layer.

The RED patterns of VD Nb3Sn~Nb(Ul) after etching

were extreii~ely faint and oxisequently uausually diffic~ilt to

accurately index . Uncertainties in the determination of the d

values (d~zinterp1anar spacing) for several rings often gave the

author more than one choice of h k ~. for those par bicular reflections .

(See Table iV~) Circled in Table I~1 are th~ 1j ~~
’ 1C~~-2 of the brJ .gi .~Lr~Et

rings which, as previously mentioned , cx rr pc~~i3 to ~~at is believed

to be the layer ’s preferred oric�r±ation .

A comparison of the FED patterns of the as—grc7~n and

etched samples VD Nb3Sn-Nb (ill) dramatically illustrates that the

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

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

thickness exposed by etching.

The etched Vi) Nb3Sn—Nb (111) and the as-grown 9141-1)-ill

surfaces of the same (-10 pm) thickness have many of the possible

h k R. reflections in cannon . (9l4l—D—lli , like the above samples,

also exhibited only extren~ ly faint diffraction rings) . This leads one

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

surface of a given thickness o~ diffusion layer on Nb( 13.i) is not 

~~~~--- - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-- -—-- ~~~~~~~~~~~-- -~~~-
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related to the surface b: ng z --qio~-~n , (i .e. .  being the initial

grcr~rth region of the layer) , but rather , it i determined by the layer ’ s

net thickness, Further , th~: sir:~~ er: ty of p~;:~ ; .U:Le reflections in the

etched VD Nb3Sn—Nb (iii) , thought to be -
~~~ 

pm Lb i cf-~, and the as qrown

9141—D--l1l, nominally 32 . 1 pm th 1c1:, C :p ite the unc~:c bainty in

the layer thickness vale~s , puin~s Le~-::a~1. iTh:? possibiJity that the

surface nature re\-eDlcd by the 3~ 0’ s for this reiiori of layer thickness

may extend over sc~c~ on~ ;tTh~rab~ :: d:st~- ~CC v:ii~ In i±e bulk of the

layer.

The o~ ari .~c~ of the —~ ro-. -~e VD I-:~~~~--~b (211) r approxirrt—

atciy 17 ~r ;i thick , and the etcb-~eI \—D i e 3 e ~~~ (4l 1) , approximately

8 pm thick suggests that if the A15-- (111) reflection of Table I\7 i~

valid , inLeu~iedt~ic1y thick la~cr~ of j - .~ ,
3

)1 on I~b (21i) may be of lower

quality than those of the e~�c~rc e s  of thic3e i~~~~~ so far investigated .

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

of order 8—iS pin, Tc both onset and fini sh
, minimizes at -l2 pm ..

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

behavior of Tc onset, is the worst A15 material of all the layers

on any of the Nb (h k ~
) substrates over this thickness range (see

Figures 4.1 and 4.2). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~
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Bulk Structure

The results of X—ray sceIn~ inq diffractometer data taken

on Nb3Sn layers u~ d.:h—c~; , ~em; l : ’  se~: V )  ~—~~ Sn--Nb (h k ~) , are presented

as o:aL~e~- . ori~ n reJ a~ ive i L-:- t i~-~~. Peak intensities for the

F layer on c ech k~~(h k 2)  3 : -  ~~~~~ arc n .a:m il i~ cr 1 to the ?~15(21l) peak

for 1J-.~~
- laye r j~~-~ tlie - e ic .~c; ~-p ~t i . e -  are listed in Table V.

Also listc~i in Lh Le te’1~ ~ -:e ~ :cle L v ~ in -~~ i tic:~; of the pattern

of a M~~Sn p~r~de I S ~ n ~~~~ (r~ ~~ L ;~~ ~:‘~ ~tuei I. Ce~~n ) .  The A15 (211)

peak is one of t~ e Lhe~~ rre j~ r P~)5 rc f ] c -e~ic-:~e anc~i was chosen as the

nor~alizab.iori pe:k ~ec’ :-~ - : e  ~: 5~. 
~ :-1i -: ~ to b ’ less :ensitivo to

preferred orient ation c i~ ets te~rj l h - Al r ( 2 00 )  peak arid rro:ce useful

in detecti iq dev ia telons ~hce ITh p~e :iac ~e~~le lative intensities

than the stronger ‘A15 (2 11;) peak . lu r’: i ~ieu~ e , the Nb3Sn layers

on the 1’li(llO) discs edi ib .it very i~ae-’:e~ A15(200) and (400) peaks

and noderately enhanced (210) * 
rj~~~~ J.ayere on the Nb( 100) and Nb(211)

discs appear similar to oaa another , onhibitin g mc~3est enhancements

of the (321) , (400) , (420) and (400) A15 peaks . The Nb3Sn layer on

the Nb(lll) disc has a irodest e’lhancc]rent of the AlS(32 1) , (400) ,

(420) and (440) peaks and a smaller cnhancce~ r t  of 1\15(222) .

From these observations , one infers that the underlying

oriented niobium substrate excrt:s a definite influence on the growth

orientation of an overlying Nb3.n diffusion layer . H~~ever , unraveling

the specific nature of the lattice relationshi ps between the bcc and

— 1~15 lattices is not strai ghtfo rward . The RED results (Table III) 
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j TABLE V RELATIVE I U TEGRATED I~ TEr ~S IT IE S OF X- RAY REFLECTIO N S -

VD D IS CS

RELATIVE IN TEGRATED INTEN SITIES OF X-RAY REFLE CT IONS*

N~ef1ec 200 210 211 222 320 321 400 420 440
Samp 1e ’N.~ 

____ _____

s~and~rd 
.51 1. 43 1 .051 .25 .54 .18 .14 .15

(100)-disc .52 1.36 1 .110 .41 .86 .40 .31 .38

(110) -disc l. 75 1.77 1 .087 .33 .52 1.10 .25 .17

(111)—disc .38 1 .15 1 .084 .37 .74 .30 .35 .49

(211)-disc .38 .75 1 .046 .27 .71 .33 .24 .28

* [normaljzed to the A1 5 (211) reflection]
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of Diadiuk on these 17.2 pm thick diffusion layer discs indicate

probable A15 preferred orientations at the surface of this layer

• for each Nb (h k .
~~
); the results of Table V r-~ r~ain to preferre-si or i ente—

tion character within the interior , or bulk of the layer .

These results lead one to se~7eral su~poe~ ‘dons:

First , that the bulk preferred ori u~tation of a layer

might differ from the as—grown surface preferred ori~:ntat ion . Th3 s

- ;  possibility is substantiated by the X-~ray and r~D results on 1)J adin\ s

17.2 pm layers , sample set \1D Nb3Sn—Nb (b k 9 ) .  However , ~~thout

similar data for other as—grown layer thicknesses, the su ~ere~t ~at wa

mi ght be unique to the particular thickness value of 17, 2 in.

A sco~nd supposition might be that surface or:Ic~ L~ don, or

texthre~ evolves as the growing layer thickens . Evidence for this

supposition exists in the RED patterns of the as-grown and etched

sauples VD Nb3Sn—Nb(111) and VD Nb3Sn—Nb(2 11) . No X—ray ix tiqet~ee

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

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 avcraginq

over the entire layer thickness, X—ray data on the as-grown l7~2 ~m

thick layers would include contributions from precisely that idyer

region from 17.2 pin down to -8 pm which is etched away and thus non-

contributing in the etched case. Only if the nature of this etched

away material deviates greatly fr om thaL o~ the r~ ~~ in ~ng J eya~: c:;’id
F one expect to see i • L festations in X-ray data.

_ _ _ _ _ _ _  - - -
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The RED results in Table IV show for the etched VD Nb
3Sn-

Nb (111) comparison to the as—grown 9141—1)—ill that surface orientation

is not inherent to surface nature (as-grown or etched) of the

exan~ined material, but rather seems 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 wi.th layers of 12.1 pm , 2.9 pm, and 1.6 pm

layer thicknesses were also performed.

Diffractaneter scans of the disc—shaped samples have a

high siqnal to noise ratio due to the smallness of the sample making

exact integrated intensity measurcments unfeasible . Intensity

measurements of Diodiujc’ s disc samples were made by the simultaneous

scan of four discs with the same layer thickness and Nb ( h k 9~)

orien ta tion s (thcse four discs were fabricated at the sane time) ;

intensity measurements of the author ’ s disc samples were macic on a

single sample of each Nb (h k 9~) substrate orientation from a larger

single crystal (4 .6 nut) . 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 cc -ired to the Nb3Sn powder standard . It should be

• noted that the plots in Figure 4.23 differ from previously published

intensity pi.ots 1- , Diadiuk because this author believes tha t Diadiuk

incorrectly attributed the Al5 (210) peak present in her X-ray

~~~~~~~~~~~~~~~~~~~~~~ - • - ~~~~~~~~ - - -~~~~~~~~ - ~~-•~~~• • - •• - — ~~~~~~~~~~~~~~~ —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~-- - - • -
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4 . 25 Diffract ana tcr data as a function of Nb disc substrate
orientation — Sample Set 9152 - All sample data is
normalized to the A15 (211) peak height of a
randomly oriented pewder sample which i_s represented
by the dotted line .
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patterns to the Ag paint used as a sample adhesive .

The RED measurexnants listed in Table III for the 17.2 - in

MS layers led to geoc~ tric lattice registry associations which

X-ray observations of the bulk sub~tantiate in the layer Interior

only for Nb— (l)•0) A15— (100) . This particular A15 orientation appears

to be the natural grow ± or ientation of Nb3Sn as indi cated by

• investigation s of Jacobson , et al 61 and Diadiuk 1 s examination of

the Nb3Sn polycrystallirie film listed on rj~~~~ j  ~ ~~~ ~•thich ~.-ias

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) MS X—ray reflections observed by

• Neugebauer in thin films of Nb3Sn grown by codeposition -

The remaining three 17.2 pm thick bcc (h k £) substrate

orientations of Diadiuk have Nb3Sn layers which do not show evic~ence

in th~ bulk of the pi-eferred orientation suggested at the surf ace by

RED. Drawing on the X-ray inform ation from his thinner Nb3Sn

layers , the author is led to proposing that net pre ferr ed or ientation

evolves and change s as layer thickness is var ied . The texture in

the diffusion layers appea~~ to be an evolut ion of admixtures of AlS

• orienta tions which i_s sensitive to the underly ing bcc (ii k 5~) .  More

iit~ortant1y , this admixture probably results fr om a competltiofl between the

bcc-A15 latt ice reg istr ies and the natural preferred groc~th orientation

of the ~~3Sn (i .e . ,  A15— ( l00) ) .

Evolution of bulk orientations in the diffusion layer

disc samples from the surface layer is a compelling concept : at the

~

•i • ~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~-~~~ •— • —~~~— •— • • •~~~~ - -~~~~
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Nb (110) substrate orientation , lattice reqistry argun~ nts (see

Figure 4 .4)  make grc~ith along the Nb3Sn(lOO ) the most co riuc~ve growth

orientation. Because this orientation is also the natural preferred

• growth orientation of Nb35n , it is likely that this oricnt ati on of

grc~zth ~vuid easily continue throu~bout the bulk to the

interface. For Nb3Sn layers at Nb( lOO) ~-~rK3 Nb(2 11) subHa: ’

orientations , layer structure irny start ou~ with the L 3~.n (110)

orientation as suggested in Figure 4 . ’~ arid the I~T~•) ci~~a oiT T~b)c JU ,

and then evolve into a Nb3Sn-- (ll0)/(l03) aC~nixtur~ ~ iie to cc~~y l i t~ c’;~

of the Nb3Sn natural growth orientation and the efforts of the

forming layer to both follow the tcirplate of the initial l a ’~rs

• and to confront the continual 1:~r~:nc~c;e of th-:~ bee Tat  ~ic~ ~t the

advancing interface. In the case of Nb3Sn at the iTh~(l11) orr ic ita -~H•c n ,

the lattice paranienter of the Nb (ill) diffusion layers of a given

sample are consistently greater than those of layer s at nen - Nb (lii)

orientations , possibly indicating a continuation of the influence of

the surface Nb(111) —Nb3Sn(lll) latti ce registry association into the

- 

• bulk. The X—ray results for the layers at Nb(lll) indicate that; an

admixture probably exists , made up of Nb3Sn (ill) and Nb3Sa ( 100) .

The viability of the proposed orientational growth

cxmpetition riodel may be tested by a closer examination of spec;~ ~~

features in the diffratar~ ter scans of Figures 4, 23-4 . 27. The

intensity plot of sample set 9197 (Figure 4 . 27 — 1.6 pin thick .idS layer)

might be expected to shcM little preferred orientation in layer s at

non—Nb(l10) orientation s due to the combin-~c1 effect s of the prc~~~ .~-c~
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growth competion being in its initial stages at this nnc 11 thickness

and the fact that the X-ravs are sampling a n-a~ch deeper volume than

just the MS layer (thorJcy redu cing s1 c~n:l sensitivity to

intensity variation s arisin g from the A15) . The Nb3Sn layer at the

Nb(llO) orientation would be expected to exhibit its AlS (100)

predilectio n becaure there is no evolution occurring . Both expecta-

tion are fulfilled in th:~ data.

One might expect that clue to in si tu annealing,

preferred orientati on effects [admixtures of the initial growth orienta-

tion plus A15 (100) ] will bec~ i-e more evident as the growi ng layer

gets thicker . ThIS IS sc-c r in the 2.9 pm seriple Ect , 9192 , of

Figure 4.26 , as COI~Xe Cd to the 1.6 pm set , 9i~)7 , of Figure 4.27.  Th -ca

effects might then be moderated as the ] ayers get still thicker by

over—annealing, al though the orientation al com petition continues at t1

advancing interface . This caripetition plus evolution of annealing

effects may be associated wi th the thickness regime behaviors

previously noted for and a0, and may well be the basis for the marked

similarity of the X—ray peak intensities for the 1.6 pm layers end the

• 17,2 pm thick layers . Tbe~c two extremes of thickness bracket the

range of thicknesses studied so far ; sinU arity of behavior for these two

thicknesses has already been noted for T~ onset values and with

respect to si~ ilarity of micros t~~ctu r~ for the thin layer end at th~

interface region of the thick layer .

The above rrention ed in situ annealing also may be a

-L
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reason for the observed moderation of peak enhanc~ r~nt in the X-ray scans

of the 2.9 pm sample set (9192 arid 9152) with increased fabrication

ton~eroture . The 9152 sanpie set was reacted at the higher temperature,

allowing nore atomic mobility during fabrica tion and thus, possibly

a resultant predi lection to rando mize preferred orientation . * The

cnh~ncc eceit of the A15 (222) peak in sarple 9l52—D—lll may echo the

existeoce of ~c;~~i tivi tic s in the phase diagram as previously con-

jectured. The existence and retention of highly enhanced 1ü5 (210)

peaks in saripic sets 9152 and 91.92 is as yet unclear .

*There is evidence from annealing of foils of Nb in this laboratory
that annealing at -10OO~C virtually destroys the strong initial
texf- ure of the foils. (See Appendix 3.)

-~~~~ . • — .. ~,. - —~~~~-— ~~~~ • -
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V. CONCLUSIONS AND SUGGE~ IIONS_FOR E~JI~l’flER ~OF~K

This study of the structural properties of Nb3Sn diffusion

layers fabricated on oriented Nb substrates has revealed that

systematic behaviors result fran the nature of the interaction s

between the substrates and the A15 overlayers .

2\nalysis of layers fabrica( ed to various thicknesses

allowed for the identification of layer thickness regimes over ~~1th

the structural properties of the 1~b3Sn appear to evolve. These
• regim es can be designated approxi.nr~teiy as 1 to 3 pm , 3 to 9 ~;r’ ,

9 to 15 pm, and 15 to 17 pm with oerLzdn unique features observed

- - specifically for the 1.6 pm thick Lcyers. The T0 onset (en indi ecto~
of the “best” A15 mxLe-rial on the sample) appears to be the 1~iqhost

for the 1.6 pm and 17. 2 pm 1.ayers, while T0 finish (an iir~iceter of

the “worst” Al .5 material that still superconducts) is lco~ for the

1.6 pm sarmples and shows wide variations throughout the thicker i c j imr~~.

It must be noted however, that there is a hierarchy of valuc~

within the thickness regimes which depends on the parLicular (h k

of the Nb substrate . In the thinnest and thi ckest regimes , the

Nb3Sn layers on the Nb (211) substrates have the h~ghcst T0 onset valu~~
observed for any orientation of substrate , while layer s grown on

Nb (110) have the highest T~ onset values in the middle thickness

regime. Lattice par~~~~ter asurc~m~~ts also fall into particular

(h k ~
) hierarchies within the thickness regimes, with the Nb (111)

substrate layer always having an a0 greater than that of the sane

thickness non—Nb (ill) layers . The thinnest layer (1.6 pm) is

Fl
-• - .

~~~~~~~~~ •~~~~~~~~
.• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ .~~~~~, 
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particularly interesting in that ii sho;s str ong deviations from the

other regimes for certain x-n~xT.r~-.i :s (depressed T~ 
finish and smaller

a0
1s) while showing n’~rkc c1 ~ni~ -Li.c:H.ty to the thickest rec’ime layers

(17 .2 pm) in T c-nce t and L~tiJ~ pr:~ crrc -
~~ orien LaLj .on . Structure

investigations sought to ilweLh-~ei e the L~s.~s of these observed thickness

sensitivities.

Orientat3oeal rcr e~.n-r o~ the 1~] 5 oven ayer to its substrate

is clear In the disc sa~elcs of ~ ~~~~~~~ Studies of these samples

by her and In this thesis show that the as-qrown sux face orientation of

each ?~~Ch k £) diff ~.isicn lc-~er of flh 3Sn of given thickness differs

fran its uE-seci atc~e ho (h J : •c~) bui L or1cn~ L cIon , 0% CV.~tflliLTt flCQ by P-i~)

and X—~ oy er:;~auLc: n. .uLo , rc.~~.: ct: v- d~z. ~ihis cc~ ::i~ccn wcr made for all

four of the 1.7.2 pm I z ycr—h~ (h 1: ~) orien t eicio:in ~j id for the 12. u r n  Nb (21). )

orientation . The question of ~- ;ir- Lher the tenr inod surface

orientations are related to so~nething inherent t o  tii~ as~ ~rowi~ nature

of the surface or to dependence of surface orientation on layer

thickness motivated a comparative RED examination of surfaces of

as—grown and etched down diffusion layers . The Intern al surfaces

exposed at 8 pm by etching down i:h j  17.2 pm Nb3Sn layers on Nb(l11)

and Nb(2l 1) exhibited stnicLures different from those of the original

as—grown 17.2 pin layers . In the c~ase of Nb(lli) substrates , this

was quite pronounced , and the etched down structure was similar to the

structure of the as-grown layer of comparable thickness , 12.1 pm ,

on the same Nb (111) orientation (which was the only o~t~pzìri son made) .

Thus , surface orientation is bel ved to be deter mined by layer

thickness. This is also true for hulk orientation of the A15 on a

-- ~~- . ., ,-.- - .~~~~~~~ -—.~~~~— -—. -p~ ~~~~~~~~~~~~~ _ _ _ _ _
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given Nb (h k 9.) substrate. Bulk structure c3eten~inations of p r u f c ,~ed

orientations in layers of differen t thicknesses shn4 the nature of

the layer s to be determined by the th:i c’kness of the leyer contr ibu~inq

— 
- 

to the X—ray diffracti on . The depenclences of surface and Le11~ cr~ ’

tions oii net lever thickness suggest that the structural nature of the

layer evolves inwards radially from the niobium crystal surface in

accordance with a quali tat ive model based on the cce~petition of tb -c

• growth reg ion orientation at the advancing interface (determined i:y

• lattice reg istry of the bcc and A15 lattices) and the drive of the

Nb3Sn layer to form in its natural growth direction [i .e., Nb3Sn (100) 1,
moderated by in situ annealing of the already f~~~ u-~ Nb3Sn as the

growth advances - For very thin layers microstructurel ohr- r~ab~c’:~~ of

the 1.6 pm layer sho~ that the grain structure of the layers mey not

have t:Lrnce to fully develop because of the short diffusi on reaction

time; at thicker values the microstrucLuia sbo ;s the influence of

particular Nb (h k 9.) orien tations . The hierarchy of micros Lructucal

perfection for the 17.2 pm VD diffusion layers [in ord er of decrea sing

perfection—Nb3Sn on Nb ( lO O ) , Nb (211) , Nb(llO) ,  Nb(11.i) ) seams to be

reversed for the 2.9 pm thick l\15 layers [in order of decreasing

perfection—Nb3Sn on Nb (110) , NbU OO) , Nb(2 11) , Nb( 11l)]. This

- - reversal may be linked to the effect s of the shorter in si.tu annc’a]Jng

which occurs with thinner layers .

i~n interesting feature of the thickness regime behaviors

• and A15 orient-ational dependences on substrate is the suggestion of

individual “par.~onaI i ty p~ s fi i~~~’ ~or the vari ous ~~ (h k ~
) ~~~~~~~~

•-~~ - • • •-~~~-— - - -  —~~~ - —- - - - -~~~~~~~~——— ~~~~~~~~~ •-- -- ~~~~~~~~~~
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• diffusion l~y ?rs . For ex:ne’I e , the Nb3. n on Nb (ll l) ,  ~~osc structural

propertie s were so und r:i ’la in Diadiuk v s Investigati on ,29 c thibit

a ramar3~abie insensitivity to layer thic ’~ness aed lattice

in the vcJ ecc: b~t an equally strong s •n c iH •\ i t y  to prc~ -:~r c~e.:~r~si—

tion . On the other hand , the seeminqiy weli—hehee. d ha~~n on N ‘( 100) ,

the lnDst structurally pei-feet of the 17.2 pm diffusion layer snrp].e

discs, exhibits large fluctu ations of a:~d lattic e pa~ rcter hut is

somewhat less sensItive to layer tin comirosition. The 1j ~3~’n layer

grown on th e Nb(2 ] l)  substrate displays the hi•c~b . et T~ 
o; set vr~ nes

seen at any i - -b ( ci k i~ in the thick and -thin reg iecs , hut tJ~e ~orst

values in the ofdJThn t i ì icbn : s  n. ~rJne~ ~ -re• Leycrs oe the 1~b(ll(~) aic

the best in x :dne. ~ cis~ cv~ r~ wi Lb t h e  c:e’~~1 rrveii~ne effect s of the

growth c~a~~ -t~ t~or1 :r ~•~-el a: ci ~~ C~~~C - ’L~ •n-:~, ~~~ i~ rticular (h k 9.)

of the Nb substrate i_s an •ic::ri ~~~c~ :L fIuc~~~ on the final prc:~~rti :n

of the diffusion leyL-rs.

The substrata (h k 9.) (an d thus A15 orientation ) variation s

of A15 T va1ua~ and a0 with tin composition iea(t to speculation on the

possibility of orien ta tional effects on the Nb—Sn phase diagram and

consti.tuent ordering . The maximizing behavior of at differin g tin

~~~~ositions for Nb3Sn layers on different Nb (h k ~
) substrates

may be an indicator that the layers are governed differently by the

• boundary of the single phase A15 region of the phase diagram, or eve~n

that the phase field is different for layers of different preferred

orientation. [The ~x~’aking of T~ finish , in particular , with 25% Sn

• is consistent wi th the existence of lower T0 Z~15 hone material which

A _ _ _ _ _ __ _ _ _ _ _ _ _
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is minimized at stoichioimetric ccxr~osition . I The behavior of lattice

parcn-cLer with composition as a material approaches the phase boundary

betwacn a sin c~le phcnc region and a two phase region is normally a

• gradual ij icr•~- cci an~i se~sci~-L leveling off as the t~o phase

region is enf•:r :.1 ¶fhc peaking of lattice parameter with per cent

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

— fabrication t-•cin - c sat in ci (1000°C) , Nb~Sn is the only allowable Nb-Sn

solid sci uLicu , and this a0 behavior may be attributed to a cor~t) na—

tion of in sI tu aen-erling anJ r~ossibie phase field effects . Thus , it

appears that the variatr ons of T~ onset and a0 with per cent Sn

and Luy~ r th c~:ccces on a pe:cticular Nb (h k ~) substrate could be due

to textural ia- - -~ 1•ect :o~ ri of ti sL~ nferd if~--Sn pha’~e diagram in

conjunction w.Lth th-~ oicb~rir ig effect s of in situ annealing.

This study of the Nb3Sn diffusion layers fabricated on single

crystal Nb s~rhc~LraLos bee e:-:a-cined the nature of several prop ertie s

and their rela cLonsirip to the layer s s structure . Preferred orienta—

tion in these layers is confinrr ~d arid attributed to the influence

of the underJ ying ~~ substrate . The texture of the diffusion layer

bulk material appears to be determined by layer thickness. The

mechanism for lc~ cr te,:turc is proposed as a qualitative ntx3el of

• competi tion bct•ween lattice registry required for growth and the

natural growth ft rection , A15 (100) . This competition occurs

simultaneously ‘i.- ~th in situ annealing . Within the observed thickness

regiim-~s, there i.e~~rchy of giv-~n property values ari sing frcn

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _• -• - • •  --•~~~~~~~~~~ •• - ~~-•~~~~~ -•, -—
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• 

the A15 preferred orientation deriving from the underly ing Nb substrate

• orientations . These hierar chies change with thickness and in the case

of 2 .9 r un , wi t -n f~ - iea t ic~-i tE:~p - -~~~:ure , suggesting that layers

fabricetod on Nb (h k s~) si~~stre tcis \-:tiic h show desirable structural and

superconducting beh~vior (i.e.,  J e ~ cro on non—Nb(fl1) substrates) have

• - especially s~etpaiJ c- t ic value s of and a0 to layer thickness and

per cent Sn. ~here as Nb3Sa layers fabricated on Nb (ill) substrates have

peorer local structural ar id superconducting properties,29 they show in

their bulk properti?s a relative insensitivity of T
~ values to layer

thickness or 1ett~~e parameter. rfno behaviors of lattice par~~~ter

and T~ onset with layer Un ccirL:ce’iiion, however , show that layers on

• Nb (1l1) are the most sensitive to coiposition of any Nb (h k 9.) studied.

— Thus , it appears that thure are tia~ie—offs in the fabrication of

Nb3Sn diffusion layers on orientel ~~ substrates between the ease

and sensitivity of fabrication , the tiiiick~ienc of the diffusion layer ,

and the quality (super conducting and structural properties ) of the

final layer .

Further studies wi th Nb3Sn diffusion layers fabricated on

single crystal Nb substrates should t~e carried out to examine a mere

• 

- 

systematic variation of layer thickness over both a ‘wider range of 
-

thickness values and in the range 3 to 12 pm. The specific nature of

the thickness reginos could then he confirmed with X-ray diffract ion ,

RED , SF24, EDX , and T0 measurcm~nts at each thickness for each Nb sub—

trat2 orientation . P.lso, anay]•sis of systematically etched layer

thicknesses should better distinguish the character of “internal

- _ _ _ _ _ _ _  J
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-• surfci~~ ” properties assoc•ir~tad with thic)<ness from those associated

with the in~ em~t natu re u~L an as - cwn ~eirface. Also , comparative RED

• 
analysis for layer sur fnc -:~s at both ontr €i~ee of thickness are needed

to h:1 j unc~ ’: stand the s:~~i].e-r it Ies of the 1.6 jim and 17. 2 pm layers

• in ftb; U~~-~i:; s t udy  -

Pcef~rr~ cr: Lc~~~’t en effects observed in this investi gation

can be stud e -j  fat --hu es by I ef~c$cat:~ ncr Nb3Sn diffusion layers On po]~Y—

crystal lin e I \ )  t cM~; (~c .• ~~~ :ciW-’: 3). Systematic thickness varia—

tio~ u~~-e -~~ abe’- and ui ,e of the investigative techniques listed

conl e b: a~~~~L 3  Le i : -~ if the observations of trends (e.g., thickness

rcy i ve~-~ ~L - .~~n ‘~~~ ~~ e~ -d T0 
— sensitivity to composition) and

~oC :~1 peed~ J ~e ~ ~~ . ~ eyer~ on sii~~le crystal substrates apply

• 
~~u - i 1 y  ft • 

-
~~ c-n ~~. yci~~ J -lJ i e- sat

~ne naLu ~e of t b ’  ~~~~~~ •i aterfece shotfid be investigated

mach ~‘r e  ~ ~ -e ’ J~’) y; 1-h:L~~ i ec:s -
~ p~rfc cting etchin; techniques

to c;:•1 :~e t i c  inLc ffae-2 . P~;e to—~c:d ~t etching may be a possible
- 

to tb~ Pr~bl~ rn. A c~ 1nnc~ was noted between the micro—

str ucture observed in the scannin g electron microgr aphs of the

surface of t1~-e 1.6 j in  layer (Figure 4.15) and the high magnificat ion

electron micrograpbs of the  etch i~~cu:ets of the advancing Nb3Sn on

the surf ace of the exposed Nb core of Figure 4.20. Possibly

• their simi larity arises from the fact that each of these regions of

layer has t~io boundaries , one of which fa es Nb3Sn. Although the

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

• growth region, a bcc Nb ci stai corn , they both en xa~ntor an abrupt
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change of free energy across these boundaries . The exi stence of these

free energy stops 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

diagr~ n should he considered. And finally , an investigation into

the observed sur : c ning of the Nb superconducting transition in the

author ’ s inductive T m easurem ents should be undertaken to determine
C

the nature of this anonrilcus behavior .
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APPENDIX 2 — X-Ray Pole ure Ze a1~~is of Di sc_Sarples

A back-reflection Lane photoqraphic nethcxl was uscd

to examine the sar rples . With non hrone±ic Cu rediuti on

(see Chapter III for specific voltages, currents, and ospeauro tinen ) ,

four to six t~ b~’c rings of relatively uniform 3ntens: ty and all

indexable to A15 crystal planes , were c~ r erated . The fiixr textu ae

nature of the samples (grains oricntoc~ normal to the ssuple surface)

is precisely what causes the full rings; broken rings or arcs would non ~H. l•y

imply preferred orientation . ‘I~iu~ , the back--reflection Lace

photographs confirmed the presence of 1~i5 phase materi al in the

samples and the pres ence of a fi~ :.r texture , but gave no o~~ -’ .r

preferred orientation i n~c’rr-~ t.~ ~ei.

As mentioric-’d in Che;~ ar II , a pile fiqu r e is a stereo-

graphic projection , with a E~p~~( Irir1 (Tientation relative to the

speciir~n , that shows the variat: icu of p~1r’ do ra~ty with polo orienta—

tion for a selected set of crystal pla r a ; . A p310 is the intersect ion

• of a plane normal with a reference sphere whi ch is cen tered on the

specinen . The pole of a plane represents , by its position on the

sphere , the orientatic’ of that plane . The h ole figure analysis of

a given sample then g~vee infoi m~ition concerning the existence

and degree of any pre err d orientation , as well as details of

• the specific orientati orr involvtxL

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 analysi s by di rect X-ray Pole figure tecThniques

micjl-tt be p irticularly informative concerni ng preferred orientati on -

Thus, beth sheet tc ture and wire (or fiber) texture investigations

were u~~or~~ ;~~i.

Initial lv , the samples s-a re studi ed using the Schulz

reflection nrethoz]~~ The specij ir n ~-:es mounted in a Siemen ’s

tex ture diff ecLc:~~:i:er with C and 2(: set at the proper angles

to c~~r ;ervo th e ueximua ~ intensity of the A15 (200) reflections . The

A15 (200) reflections ‘•~ere used to qc rierate the pole-figure capable

of more cc~1e-T~~:1e-rI~•: interpretation. The specimen holder rotates

the s~a~ ie In it-s C~•;fl plane about an axis normal to the sample’s

fla t surface ~-~~:i i~• s i -  •tit n :~oi~~:1y -Lilting the speciiw~n about a

hori zontal a>~in . The greet virtue of the Schulz method is that

no absorption correc~:iori is required for values of the tilt angle

bet~’ uen 90° and 40° (90~ corre sponds to having the flat surface

of the s~rcp le in the plane of the diffractcrseter axis) . Thus , the

intensity of the diffracted beam is direct ly proportional to the

pole densit y .9’
~

The strip chart recorder output appears as a periodic

variation of intensity maxima and minima corresponding to the

changing positions of the reflect ing A15 (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 the se points on a sterograp hic 

-——‘- - -—-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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-; I

ction . The points will fall on a spiral determined by the

rotating and tilting motion of the sar~ 1e during the run . r;~~~~

spz~cific locations and magnitude-s of the plot ted pole der r :: .t •ics

on the stereographic projection are associated with the sp:- - ~f IC

orientation and degree of any sample texturing.

The author attempted to investigate the d :Lsc- iTh

diffusion layer samples with the Schulz reflection method ~~ ng beJx a

finely collimated “microbeam” and a more diffuse ba~n desigroci to b~

the sample in X-rays . The combination of a f~ nely oollimat-eJ b:’a

and the small sample size did not generate sufficient difi at~d

intensiLie~; to give useful data . ~T~o diffuse b-:am rc ~tc~~~:~n a

low intensity output cc~bined with high extraneous hech e e”e-l

radiation , making interpretation of the data un feosihie .

Because the texture of the samples is a filv~r texture

( i .e .,  columnar grains randomly oriented about an axis nQ~T~~~ to

the sample surface) , a plot of the pole densities on a stereographic

proj ection shou ld be the sane for any given angle of rotatic-n

about the sample normal. Thus , a texture diffract cmeter scan

along a radial path of the sterographic projection should give

intensity maxima corresp onding to tilt angles at which the

i-tonitored planes (A15 (200) in this case] are refle cting . This is a

nodification of the Field and ~~rchant method of examining wire

textures.95 It was unsuccessful for the samples in this study

due again to insufficient diffracte d intensi ties of tJ~a 
~a~ iU. s: :~~e~ . 
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The auU~or ’s conclu sion as a result of thes’~ of fur f :C is

- that pole fic~ re analysis of diffusion layer - ic :  Ce” ’ ha-

- 

successfully completed cc.ly if the scaij ]c sisu is lace

• I

IL-’ ——--- -• 
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APPENDIX 3 —— Initial Analysis of 1>~~ Sn Di f: f nc-~c’n 1ev-era F )r cat Ofl
L t ~! 1  —

Research carried out- th is 5LtR L~~~J by L. I). Clark c-en tered

on X—ray analysis of Nh3Sn diffun ~ en layer fobric~ hc I on annealed

and unannealeci } olycr’ ;LaL~ ine lie fo: 1s . ]~-ia current status of this

work follows .

A 1.2 ~~t i by 3 .2  ce r L ~~~nie- ;. str ip of coj, ey~rci~l grace

niobium \-:e --; cut with scia~-sors frc~n a .l~:en thick n iobi-Lrn sb:ct

~;-hich Ird hace neith:~r cie-• u r  .1 y or physically processed af Lar

arriving from ~-~:i~ (‘ n~- .~ A’bany Co. Th~- stri p was c:cer~e~e~i b~ X—r ee

diffrac to~eeL er run s ao-~ CexLura diffraotc~~ t -ee niac Le~ore area cfb:r

reactir.’j .i L ‘~aie ) Sn to f~~~ i~~j L~ a —1 7 ~irn th.1c: Jay~-r of hb~Cri by L a

experimental :uaa -ciur~ ~~~ a i I -al in Chapter III . The texture

diffractcu~etor m r s  we-re perfonrc (~ on a Si€•er:’ j s texture d iSfi actc~ia-

utilizing the Schul z reflection re-e tiec’:i ciescrii J in J~ pari di > . 2.

The r~sulting diifractomcter ~-canr and the I ~ie~~n (200) polo figure

all indicate intense (100) [0 11] and (211) [110] textur ir~ of the

niobium str ip. This texture is comionly fourei in bcavily cold—

• rolled hoc materials .

P~notiier 1.2 om by 3 .2 c~ strip was cut fro e the sae~ shect

and examined the same way as the above strip except that before

fabrication of Nb3Sn , this second strip was annealed . This anneal

was done in a quartz tube at approxiii~ately 1090°C while being pumped

on by a diffusion put~~. Mter two hours, the tube was removed and

cjcenchc~1 in rcee-- t eaperc turo air. ~~~ ra~~niJ ! -:: T . ~~ ii (200) LOb

I -~~~~~~~~~---—-- ------— --—-•- - --—-~~~------ ~~~~ -~~~~ - - - • - ~~~~~~ — - - - - --- ~~~~~ -~~~~~~~~-———— •
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fiyuee ~~r i j~~~ fr ou Lhe lcyL�J: fnbric~tec1 on this annealed Nb strip

sho~:m; Lh et ie-o~ L of th e ori ginal Nb texture was removed .

A1Lt;eugh c-~-co strip was subj ected to a texture diffracto—

meter run , theec uc;—c xxc~ny problems with smal l sample width, background

counts , and g:caeetric ~infcv ciie~ng deto~:mth ations so that the resulting

pole fiçurc: are rr a~Zt ly o~ undetermined reliability. The cause of

these difficulties is unde r inw~stiqation . Consequently a peak

-~ height :nalye:i of diff mact eeter see-as is a irore reliable method

foe de- Lermini~ the actual texture of the Nb3Sn. Peak height analysis

sho-ce l that the Nb3Sn (f l  the aflT~eE.lod. Nb sheet has a higher

percc teeo of (200) , (222) , and (320) orientations than the Nb3Sn

on the un -e~’ne~-J -d ni 1 e~ ‘n t.  Th e. Nb3Sri on the unanneal eci

niobium chce~ - L-i; ~~~~~ i— a; a hioher percentage of (211) and (321)

orien tations than does the Nb~Sn cc the annealed niobium sheet.

These results a~’j -;c:L both that the natural gro~ith d irection of

Nb3Sn o;i annealed Nb shoet is (200) and - also that I’ib3Sn (ill) is

nore likely to grow en annealed niobium sheet than on unannealed,

textured niobium sheet .
I ’

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 dif fractoneter peaks indicate that each strip contains

niobium, Nb3Sn, Nb6Sn5 and f3-tin. The peaks also shc~ that the

unannealed strip has a higher (~~ 3Sn) :  (Nb6Sn 5) ratio than does the 

~~~~~~- -. -- ~~~~~~~~~~--~~~~~~~ --~ ~~~~~~~~~~~~~~~ — -~~~----— -~~~~~~~ - - -
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annealed strip. Judg ing fran peak Leic~ht , the unannealed strip ’s

(Nb3): (Nb65n5) ratio is approximately 2 .5 to 3 times higher than

that of the annealed strip.

A set of six diffr achome ter ru ns with a 0.4° incident

slit were performed on the c-n~Lcr arid each end of ead i strip. A

0.4 ° incident slit s ales only a small area of the stri p, enabling

a strip reg ion of interest to be posit ioned for cxcr aiectiuri . The

resulLincj diffrccto~retor pef ~s shc~ that the end of the unarnealed

strip close to the tin wail &iring fabrication has only a m all

quantity of Nb6Sn5 . (It should ~ne noted that the ~~~ necicel stri p

was itse] f clcner to th a well than was the annealed strip.) Its

(Nb3Sn ) :  (Nb6Snr ) ratio is higher than at the center or other end c~

the strip or at any place ex~ae Lnce3 on the annealed st-rip. At the

center of the unannealed strip, the (Nb3Sn ) :  (Nb6Sn5) ratio is

lcy.~ier than at either end . The (Nb3Sn ) (Nb6Sfl r ) ratios at all three-

regions examined of the unannealed strip are higher than those at

any reg ion examined on the annealed strip across which the ratio is

fairly constant.

No distinct variations in the (Nb 3Sn ) :  (Nb6Sn5) ratio wc’:-e

iiot.ecl on the annealed strip. This correlates with the physical
-

- - appearance of the strips : the annealed strip was covered with clark—

grey materia) from end to end , while the unannealed sic ip had only an

area of dark-g ray material cn its center , less dark-gr c’~ ma ~eria1 on

- - the end further from the tin we].1, and no dark-qrcy ma~ - a? on its

_ _ _ _ _ _ _ _ _ _ _  _ _  
j
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end nearer the tin well . These observations indicate that the dark-

grey material is mast likely Nb6~~5. ~n attempt to examine by X-ray

analysis some aitount of this material to confirm this conjecture

• was unsuccessful due to the small amount of material collect-ed.

I-iowevcr , the att c~iipt pointed out that the strips also differ in the

amount of effort it takes to dislodge the dark-grey material fran

the layer: a light touch is enough to dislodqe material from the

unannealed strip , but more effort , such as a surgical blade , is

required to dislodge material from the annealed strip . This suggests

that Nb(~~n 5 amy be mare likely to form on and adhere to unannealed

niobium she-eL than on unannealed , textured niobium sheet.

- 
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