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The Morphological Development of the Nb3Sn 
Phase in Multif"llamentary Superconducting Wire 

Daniel Robert Dietderich 

Abstract 

Multifilamentary superconducting wire is used to produce high magnetic fields. 
One of the materials utilized is Nb3Sn produced by "bronze-type" processes. To achieve 
peak properties the wire fabrication technique and the Nb3Sn grain morphology and 
composition must be optimized. This work investigated the variation in critical current of 
an internal-tin-processed wire and a bronze-processed wire to determine the source of the 
superior properties in the internal tin wire. 

The internal tine process was found to have a much higher Ic at low fields, -lOT, 
than that produced in the bronze process. It was determined that either a temperature ramp 
or a multi-step heat treatment with distinct temperature steps could product a high Jc. Both 
heat treatments incorporate the low temperature to high temperature schedule which gives 
good critical current properties due to its influence on the Nb3Sn microstructure, stoichio
metry and state of atomic order. Two factors, reduced filament modulation and the 
increased amount of small equiaxed grains, are the primary sources of the superior proper
ties. The upper critical field of the internal tin wire is lower than that produced in the 
bronze process. The lower Hc2 can have two origins, different strain states in the two 
wires or Nb3Sn composition. These two factors are correlated to the different wire 
fabrication processes. 

The distinct Nb3Sn grain morphology (columnar, equiaxed, and coarse-grained) of 
"bronze-type" processes has been explained by two models. One attributes the formation 
of the columnar and equiaxed grained region to the tin supply in the bronze, while the other 
attributes it to the break up of the columnar grains. The bronze-processed wire of this 
work supports the break up model. Observations showed that the nucleation of new grains 
stops early in the reaction with the development of a columnar structure that subsequently 
reconfigures producing equiaxed grains. Two driving forces for reconfiguration are the 
instability of a columnar structure and/or the reduction in strain energy due to the reaction 
stresses. These stresses were modeled using a plane strain elastic approach in an attempt to 
isolate the controlling mechanism, recrystallization and polygonization of dislocations, have 
been eliminated due to the absence of dislocations and low angle boundaries. The 
columnar grains must reconfigure to relieve the reaction stresses using a global argument 
(Le Chatelier's principle). The microstructure will develop that can best relieve the stress; 
since an equiaxed structure can respond faster to stress than a columnar grain structure the 
microstructure goes in that direction. 
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The Morphological Development of the Nb3Sn 

Phase in Multifilamentary Superconducting Wire 

L Introduction 

Superconducting materials have been brought into the national spotlight with the 

recent discovery that certain oxides of the pcrovskitc family are superconducting at high 

temperature (90-lOOK) and at high magnetic fields (150-200T). However, at this time 

these new materials in their polycrystalline form have a cum:nt carrying capacity which is 

several orders of magnitude below that of the comme:rcially available superconductors such 

as NbTi and Nb]Sn (Camps, 1987; Koto,1987). In single crystal form, however, the 

oxide superconductors approach the commercial materials (Worthington, 1987) but 

processing limits their large scale applications. Furthermore, the mechanism for 

superconductivity in these new materials is not yet understood so it is not known if their 

cummt carrying capacity can be increased. In contrast; the current-carrying capacity of Nb

Ti alloys and Nb3Sn superconductors can be improved by changes in microstructure. The 

mechanism is fairly well understood qualitatively; a high volume fraction of planar defects 

permits a large currenL The Nb-Ti alloys utilize phase boundaries and dislocation cell 

walls for these planar defects, while Nb3Sn employs grain boundaries. 

Even though Nb-Ti alloy fabrication processes have been studied for 20 years, 

recent increases of 25-SO% in the current-carrying capacity at 6T have been achieved by 

controlling chemical segregation in the starting ingot and the thermal and mechanical 

treaanent of the Nb-Ti superconducting wire. Better metallurgical control produced a finer 

and more uniform distribution of phase boundaries and cell walls. The Nb3S n 

superconductors have a better current carrying capacity than Nb-Ti alloys at all magnetic 



fields, but a similar improvement in the critical current capacity of Nb3Sn through 

metallurgical manipulation has not been achieved. A fundamental understanding of the 

Nb3Sn grain structure development could suggest guidelines for an improvement in the 

current carrying capacity. 
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II. Background 

II.A. Superconducting Parameters 

Soon after the discovery of superconductivity in metals by Onnes in 1911 

solenoidal magnets were made of these metals. The results were very disappointing. The 

magnetic fields generated before the windings reverted into the normal state were low and 

of no engineering interest. However, these experiments showed that the superconductive 

state would be destroyed by an increase in temperature, current, or magnetic field to some 

critical value. This led to the realization that every superconductor has three parameters 

associated with it: a critical temperature, T c, a critical current density, Ic, and an upper 

critical magnetic field, He. These three parameters are the intercepts of the critical surface 

in figure 11.1 with the temperature, current density, and magnetic field axes of a three 

dimensional space. The critical surface separates the superconducting state, below, from 

the normal state, above. 

If the state of the sample is altered this surface will be shifted. All three critical 

parameters are altered by strain or a change in the composition or microstructure, for 

example. If a material is in a strain-free state, application of an elastic strain (i.e. distortion 

of the lattice) shifts the surface to lower values (i.e. toward the origin). The strain can also 

produce structural changes in the sample which reduce the critical parameters by perturbing 

the state of the material. Altering the composition and/or microstructure of the sample can 

shift the critical surface to higher or lower values depending on the new state of the 

material. All of these points will be addressed in more detail in subsequent sections. 

With time it was discovered that the elemental metals used in early solenoidal 

magnets belonged to a family of superconductors eventually called type I. Another family 

of superconductors, type IT, discovered in the 1960's were of engineering interest due to 

3 



their ability to sustain a supercurrent in high magnetic fields. The type II materials, Nb-Ti 

and Nb3Sn and now YBa2Cu30~, have critical parameters much higher than the type I 

materials. The two families vary in their response to a magnetic field. Neglecting 

demagnetization factor effects due to sample geometry, a type I material is in the 

superconducting state up to He and in the normal state above it. Below He the magnetic 

field is excluded from the material - this is the Meissner effect (fig. 11.2a) - and above He 

the magnetic field penetrates the material (fig. 11.2c). With an increasing magnetic field the 

magnetization of the type I material follows the clashed curve in figure ll.2d A type II 

material, on the other hand, follows the solid magnetization curve of figure 11.2d. A type II 

material has two critical fields, with superconducting type I behavior below Hct (fig. ll.2a) 

and nonnal state behavior above Hc2 (fig. n.2c ); between them the superconductor is in a 

mixed state (fig. 11.2b ). The remainder of this discussion will focus on type II 

superconductors because of their engineering importance. 

All superconductors for high magnetic field application are in the mixed state (or 

vortex state) between Hct and Hc2· In this state the superconducting and normal states 

coexist in the material. Each normal region has associated with it a flux quantum (or 

fluxoid). The fluxoids amnge themselves into a triangular array to minimize energy. This 

arrangement of fluxoids is called the flux line lattice (FLL). The lattice spacing, that is the 

separation between fluxoids, depends on temperature and the strength of the magnetic field. 

This magnetic field is the vector sum of the applied field and any self field due to a 

transport cmrent. At Ha the fluxoids overlap and the materials revert to the normal state. 

When a supercUITent, a current made up of electrons in the superconducting state 

(i.e. Cooper pairs), passes along a sample the FLL experiences a displacing force, the 

Lorentz force. (figure. ll.3) The magnitude and direction of the force is obtained from the 

cross product of the supercurrent and magnet field. For a superconductor to carry a large 

current it must prevent the motion of the fluxoid under this force; i.e. it must pin the lattice. 

4 



The motion of the fluxoids across the material is dissipative, generating heat which 

increases the temperature, driving the sample into the normal state. It has been observed 

experimentally that metallurgical defects in superconductors pin the FU..; a small grain size 

permits a large supercurrent (Scanlan, 1975; Livingston, 1977). 

Not all defects are strong fluxoid pinning sites. Planar defects, such as grain 

boundaries and subgrain boundaries (dislocation cell walls), have the strongest interaction. 

The theoretical paper by Yetter ( 1982 and 1980) develops a model for the elemental 

interaction between a flux line and a grain boundary while those by Kramer (1973) and 

Zerveck ( 1981) deal with the summation of these elemental interactions. The importance of 

planar defects is related to the geometry of the flux line and the defect. For a strong 

interaction to occur the fluxoid must be almost parallel to the plane of the boundary. The 

presence of a grain boundary perturbs the superconducting state locally; similarly, the 

fluxoid is a perturbation (normal region) in the superconductor. The presence of either of 

these defects in the material increases its energy. When the fluxoid coincides with the 

boundary a lower energy configuration occurs. 

II.B. Wire Fabrication Processes 

There are usually conflicting requirements to be considered when designing a 

superconducting wire. As a rule, the main goal of wire design is to produce a wire that is 

thcmally and magnetically stable with a high cum:nt canying capacity. To achieve thermal 

and magnetic stability, Cu is incorporated into a composite with the superconductor. The 

thermal conductivity of a superconductor is poor compared to that of Cu. This, and the fact 

that magnetic field changes in the superconductor occur much faster than heat can be 

conducted away by thermal diffusion, requires that the superconductor be associated with a 

good thermal conducting material such as Cu (Stckly, 1971 ). It is this difference in 
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material behavior that makes Cu an effective stabilizer. The multifllamcntary character of 

the wire improves the heat flow out of an individual" fllamcnt because there is more surface 

area between the Cu and fllamcnt. 

The brittle nature of Nb3Sn docs not permit it to be fabricated into a wire by a 

standard monolithic technique, e.g. ingot casting followed by homogenization and 

subsequent deformation. This brittleness is due to the Al5 crystal structure of Nb3Sn 

shown in figure ll.4. The crystal structure can be viewed in two ways. The structure has 

Sn atoms at the eight corners and one in the center of the cube (in body centered cubic 

positions). All the Nb atoms arc distributed in the cube faces, two in each face. They 

order in one half of the tetrahedral voids produced in the bee Sn structure. This produces 

three orthogonal rows of Nb in the <100> directions. The other way to view the crystal 

structure is as a simple cubic lattice with a basis of eight atoms. 

The second view of the Nb3Sn crystal structure is informative in terms of its 

defonnability. The Al5 crystal structure, like the simple cubic, has a limited number of 

slip systems (i.e. 12) of the <100>(010) type. Out of these twelve slip systems only three 

are independent (i.e. any deformation produced by the other nine systems can be obtained 

from a combination of the three independent ones) (Groves and Kelly, 1963). It was first 

demonstrated by von Mises in 1928 (from Groves and Kelly, 1963) that for a material to 

undergo a general homogeneous strain by slip, five independent slip systems are 

necessary. Therefore, with no other mode to accommodate plastic deformation, five 

independent slip systems are required for deformation. As a result, wire fabrication 

requires that no Nb3Sn be present in the deformation stages. To overcome these problems 

a family of processes have been developed, "bronze-type" processes. They will be 

discussed in the following sections. 
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II.B.l Bronze Process 

Due to the brittle nature of Nb3Sn, elaborate fabrication techniques have been 

developed to manufacture this material into wire form. One of these processes is the 

bronze process (Kauffman, A.R. and Pickett, 1.1., 1970; Tachikawa, 1970; Suenaga, 

1981 ). A schematic of the process is seen in figure n.s In its simplest form, elemental Nb 

rods are inserted into a Cu-Sn bronze billet, and deformed with anneals to fmal wire size; 

subsequent heat treatment converts the Nb fJlaments to the superconducting Nb3Sn. Figure 

ll.6 shows a typical bronze-processed wire. To obtain the maximum current from a wire it 

is desired that all of the Nb react to Nb3Sn. However, the amount of Nb3Sn is limited by 

the Sn concentration of the bronze. Due to deformation problems, this process is restricted 

to Sn concentrations of less that 9.1at.% (15.8wt.%), the solubility limit of Sn in Cu as 

seen in the Cu-Sn equilibrium phase diagrams, figure 11.7 and figure 11.8. Above this 

composition the formation of brittle Cu-Sn intermetallics render the bronze unworkable. 

For a bronze of this col1?-position a bronze-to-niobium ratio of about three or greater will 

completely convert all the Nb to Nb3Sn, while a ratio less than 3 will leave unreacted Nb. 

Therefore, the maximum Nb)Sn area fraction that can be produced by this process is 0.25. 

Besides the beneficial fabrication characteristics of the bronze process another 

reason for its success is the influence of Cu on the thermodynamics of the formation of 

Nb3Sn and its lack of Nb-Cu intermetallic compounds. The Nb-Sn system, figure ll.9, 

r· has three intermetallic phases, Nb3Sn, Nb~ns, and NbSn2. When bulk samples of solid 

Nb react with bronze not all these phases are observed. For a bronze of less than 9at %Sn 

only Nb3Sn is produced. The schematic of the ternary Cu-Nb-Sn equilibrium phase at 

-7oooc shows the tin diffusion path (fig. 11.10). For higher Sn concentrations in the 

bronze, or Cu-Sn liquid, one or all of the Nb-Sn phases will appear in the reaction layer. 

Work by Zwicker and Rinder (1975) shows that the addition of as little as 10wt% Cu 

( 17at%) to a tin melt accelerates the fomation of all three phases at 700°C. Of more 
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importance, this Cu addition initiates the formation of Nb3Sn at this temperature (Zwicker 

and Rindcr, 1975; Yamasaki and Kimura. 1982). To suppress the fonnation ofNbSn2 and 

Nb65ns and promote the fonnation of only Nb3Sn at 7000C:, the Cu concentration in liquid 

Sn is required to be -55 at%Cu (Cu-45at%Sn) (Yamasaki and Kim~ 1982). Most 

commercial bronze-processesed wire has a bronze with a tin concentration of 7-8at%; as a 

result only the Nb3Sn fonns during heat treatment. As mentioned in the preceding 

paragraph, the amount of Nb3Sn that can be produced in a wire is limited by this low tin 

concentration. To overcome this problem an alternate process was developed, the internal 

tin process (also called the tin-core process). 

II.B.l. Internal Tin Process 

The internal tin process (Hashimoto, 1974) is a fabrication technique that makes 

possible an increase of the fraction of Nb3Sn in a conductor cross section and thus 

increases the overall critical current density. This increase is achieved by decoupling the Sn 

supply from the fabrication procedure. If the Sn were uniformly mixed with the Cu the 

concentration WO\Ud be -18at% (-27wt%). The process starts with a Cu-Nb-Sn composite 

that can be deformed to fmal size without intermediate anneals since no bronze is present 

and the elemental units co-defonn well. The process is shown schematically in figure 11.5 

and a representative conductor, which has a Nb diffusion barrier between the Cu-Nb-Sn 

composite and the Cu stabiliz.cr, is shown in figure ll.11. 

Many different elaborate heat treatment schedules have been proposed for internal 

tin wire. (Schwall, 1983; Cogan, 1983; Higuchi, 1984; Zeitlin, 1985) The highest critical 

currents arc achieved with multiple heat treatments at different temperatures with total heat 

treatment times of up to 20d (d=day). Part of this work was undertaken to simplify and 

shorten the heat treatment of the internal tin wire without degrading performance. and to 
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clarify and quantify the sources of the observed high overall critical cutTent density. One 

result of this work is that a high overall Jc can be obtained with a short (2-3d) intermediate

temperature (5800C) heat treatment prior to 7000C, or with a O.lOCJm (m=minute) 

temperature ramp from room temperature to 7000C. The high current carrying capacity 

seems to result from the fmc equiaxed grained Nb3Sn region which forms at intermediate 

temperatures. 

II.C. Factors That Affect The Critical Current Of A Wire 

The current carrying capacity is the total amount of current a wire can sustain before 

it reverts to the normal state; this is the critical current Ic of the wire. The critical current is 

only one of three current capacity parameters used to defme a superconductor. The other 

two are critical currcntdensities, the overall Jc and the Jc. The overall Jc is normalized with 

respect to the critical current (or lc) by the Nb3Sn plus bronze area while the Jc is 

normalized by the Nb3Sn area in the wire (fig. ll.l2). When comparing the properties of a 

particular wire, either Ic or Jc ·can be used but when comparing two different wires the 

overall Jc or Jc should be used. The overall Jc in some work is nonnalized by the whole 

wire area. This is a good design parameter for magnet construction; it accounts for the 

effect of the Ta diffusion barrier and Cu stabilizer usually incorporated in a commercial 

wire. It relates the amount of current one can expect in the windings of a magnet. The 

overall Jc defmed in this work is better for comparisons between different wire fabrication 

techniques. The critical current density of the Nb3Sn, Jc, compares the quality of the 

Nb3Sn that is produced by different heat treatments in the same wire or that produced in 

d.iff erent wires. 
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II.C.l Extrinsic factors 

There arc four factors that affect the overall critical current of a wire; two are 

extrinsic to the fl.lamcnt, while the other two are intrinsic to the fllament. Each of these will 

be discussed in turn. The fU'St extrinsic factor is the amount of Nb3Sn in the wire cross 

section. Before the wire is fabricated the proportions of all the constituents (i.e. bronze and 

Nb or Cu, Sn. and Nb) are determined. This determines the maximum amount of Nb3Sn 

that can be produced. The actual amount is determined by the heat treatment the fmished 

wire receives. These proportions also affect the amount of thermal strain the Nb3Sn 

experiences due to differential thermal contraction of these different components. The 

strain state of the Nb3Sn is in pan an extrinsic factor. The change in temperature, from 

973K (7000C) to 4.2K, determines the amount of thermal contraction each component 

would undergo if unconstrained, but the volume fraction of the components determines the 

amount of thermally induced strain. The strain in the Nb3Sn also depends on the heat 

treatment the wire has received, the residual tin content of the bronze and whether any 

unreactcd Nb remains. 

The second extrinsic factor, the amount of fllament modulation, is produced during 

wire fabrication. The modulations are fluctuations in the fllament diameter along its length. 

That segment of the fll.ament with the sm.allest diameter will have the sm.allest critical 

cum:nt. When current is passed along the filament this constriction determines the critical 

current of the fll.ament. This segment will reach Ic before the adjacent Nb3Sn; as a result, 

current is forced into the bronze. Since the bronze is in the norm.al state, local heating 

occurs and the sample prematurely reverts to the norm.al state due to the modulation (fig. 

II.l3). 
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II.C.2 Intrinsic Factors 

While the extrinsic factors are determined by processing before the bulk of the 

Nb3Sn fonnation, the intrinsic factors are not. The two dominant instrinsic factors are the 

composition and microstructure of the Nb3Sn. For optimum superconducting properties 

the Nb3Sn composition should be near the stoichiometric ratio of 0.25. However, due to 

the layer growth process that forms Nb3Sn an inherent composition gradient exists though 

the layer. Better conductor performance is obtained with flatter profiles that are obtained 

with higher heat treatment temperatures (Wu, 1983). The higher heat treatment 

temperatures produce a Nb3Sn with a superior atomic order and composition through the 

layer near 2Sat%Sn. Having a composition that corresponds to exactly 2Sat%Sn may not 

give the best properties. For compositions between 24.5 and 2Sat%Sn Nb3Sn is known to 

undergo a strain-induced cubic-to-tetragonal structural transfonnation which lowers T c and 

Ha. This point will be addressed in the internal tin section dealing with intrinsic factors 

that affect Jc. The second intrinsic factor is the superior morphology of the Nb3Sn 

produced during heat treatment. This will be discussed in the next section dealing with 

microstructure and critical current. 

All three superconducting parameters, Tc, He, and Jc, depend on the material's 

processing history, but none more so than Jc. The critical current density of a 

superconductor can be increased in two ways: altering its microstructure or altering its 

strain state and chemistry. Increases in Tc and Hc2 have been achieved in Nb-Ti and 

Nb3Sn by the addition of third elements or by altering the strain state. If one could increase 

Hc2 while retaining the same microstructure an increase in Jc would result, figure ll.l4a. 

The high field performance is improved. If Ha is held constant and the microstructure is 

improved an increase in the low field Jc is obtained. If these two effects can be combined 

in the same sample the critical surface is shifted out to higher critical values (fig. ll.14b ). 

The critical current density, besides being a function of T c and Hc2 of the material, is a 

1 1 
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strong function of the microstructure. Since T c and Hc2 are difficult to change 

significantly, most of the attention in focussed on the microstructure, which is amenable to 

metallurgical control 

Microstructural observations on typical Nb3Sn multifilamentary wires reveal 

morphologically distinct regions within each Nb3Sn filament: a layer of small equiaxed 

grains located between columnar grains at the Nb interface and large coarsened grains at the 

bronze interface (Fig. 11.15). The relative thickness of each of these regions varies with the 

particular conductor (e.g. bronze-to-niobium ratio, tin concentration in the bronze, third 

element additions, fllament diameters) as well as with heat-treatment temperature and time. 

A three region morphology was observed by Wu (1983). Columnar and equiaxed regions 

were observed by Scanlan (1975), Togano (1979), and Pugh (1985). Shaw (1976) and 

West and Rawlings (1977) ?bserved mostly columnar grains, while Livingston (1977) and 

Okuda (1983) only observed equiaxed grains. The optimum cWTeDt-carrying capacity is 

expected with a uniform small grain structure (Scanlan, 1975; Wu, 1983). A conductor 

with such an idealized microstructure has yet to be realized; fli'St, an understanding of the 

morphological development of the Nb3Sn layer is essential. 

Two schemes have been proposed to explain the grain morphology that develops in 

the Nb3Sn layer of a bronze-processed wire. One scheme relates the grain structure to the 

tin supply in the bronze (Suenaga, 1981; Okuda, 1983). A high tin concentration in the 

bronze, present early in the reaction, is thought to promote nucleation of new grains at the 

Nb-Nb3Sn reaction interface thus producing the equiaxed-grain region. Low tin 

concentrations, found late in the reaction, are expected to favor the growth of existing 

grains, resulting in a columnar grain structure. The second scheme attributes the equiaxed 

grains to a break up of columnar grains (Wu, 1983; Tribula, 1986; Johnson-Walls, 1985; 

Wallach and Evetts, 1986; Pugh, 1985). Its proponents argue that all grain growth at the 

reaction interface is columnar; those grains formed early in the layer growth process 
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eventually break up. This work investigates the probable operative scheme through 

transmission electron microscopy (TEM) on sections of multifllamentary wires at various 

stages of heat treatment, i.e. reaction to Nb3Sn. Additionally, this work proposes possible 

driving forces and mechanisms responsible for the morphology change. 

1 3 



ill. Objectives and Synopsis 

The objective of this work is twofold. One is to determine if the high critical 

cunent in an intc:mal-tin-processed ~can be achieved with shortened heat treatment 

times at low and intermediate temperatures and to ascertain or hypothesize the reason(s) for 

this high critical current. The increased area fraction of Nb3Sn in the cross section. the flr.it 

extrinsic factor, accounts for pan of the increase in the critical CUITent. The amount of 

fll.ament modulation, the second extrinsic factor, of the internal tin wire is less than that in 

bronze-processed wire. However, only tentative conclusions are made· about its 

quantitative effect on the amount of critical cUITent improvement, The tin supply and 

concentration in the Cu affects the Sn concentration of the Nb3Sn as well as the Nb3Sn 

structure. The large tin supply of the internal tin wire promotes fast growth of the Nb3Sn 

layer at intennediate temperatures. This reduces coarsening of the fust Nb3Sn grains that 

form during the reaction promoting the formation of a thick equiaxed grained shell. 

This large volume of equiaxed grains is the second internal factor and, in part, 

accounts for the high critical cWTent of the intcmal tin wire at intermediate magnetic fields. 

The imponance of this equiaxed shell led to the second objective, the study of the 

development of the Nb3Sn grain morphology in "bronze-type" processes. Two 

mechanisms have been proposed to explain the Nb3Sn morphology, one due to nucleation 

of Nb3Sn and the other due to the break up of the existing columnar Nb3Sn grain structure. 

The purpose of this work is to determine which mechanism controls the morphological 

development of Nb3Sn or, if they both operate, to determine the regime within which each 

is valid. Previous work o~ a b~nze processed wire showed it developed a columnar grain 

structure early during the reaction heat treatment. This made it a good candidate to observe 

the operation of the nucleation or columnar grain break up mechanism. TE.1vf observations 

showed that the nucleation of new Nb3Sn grains stops early in the reaction and that 

columnar grains reconfigure producing equiaxed grains. Two driving forces are the 
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reduction in grain boundary energy associated with the instability of a columnar structure 

and/or the reduction in strain energy due to the reaction stresses. These stresses are 

modeled using a continuum elastic approach in an attempt to define the mechanism. 
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IV. Experimental Procedure 

IV .A. Materials 

IV .A.l. Internal Tin Process 

The two internal tin wires utilized in this study were fabricated by Intennagnetics 

General Corporation. One, a 1.73mm (0.068in.) wire seen in figure IV.l, which was used 

for metallography and x-ray analysis, contained 61 subelements with nominal diameter of 

0.12mm (0.005in.). The other wire, a 0.27mm (0.0105in.) wire (Fig. IV.2), was 

produced with a Ta barrier and Cu stabiliz.er specifically for critical current measurements. 

The internal dimensions and filament size of this wire approximated those in the larger 

conductor. The Ta barrier and Cu stabilizer of the subelemcnt a.ccOimtcd for approximately 

lS% and 60% of the cross sectional area of the wire respectively. 

Heat treatments were petfonned in sealed quartz tubes back-filled with argon such 

that the pressure in the tubes at the highest reaction temperature (650-7000C) would 

approximate ambient pressure. To ensure that no tin was lost both ends of the conductor 

were sealed by melting until a small alloy bead was created. At least 20mm at each end of 

the 0.27mm diameter conductor was removed prior to critical current measurements to 

IV .A.2. Bronze Process Wire 

The bronze-processed wire used in this investigation was produced by the Hitachi 

Corporation. The wire with overall diameter of 1.2mm contains 10,261 Nb filaments (31 

bundles of 331 filaments) in a bronze matrix of 1.5 at%Sn-0.4 at.%Ti. Each bundle is 

isolated from the copper stabilizer by a Nb diffusion barrier. Figure IV .3 shows a bundle 

of 331 filaments (a) and a single fllament (b). 



IV .B. Heat Treatment Technique 

The heat treatment recommended for the internal tin wire by the manufacture, A, 

was 2000C for 200h + 3750C for 33h + S800C for 216h and fmished with 24 to 48 hat 

7000C. The heat treatments developed in this work for the internal tin wire are given in 

Table 1 along with their notations. The heat treatments in Table 1 were followed by a 

7000C to complete the heat treatment. The effects of two temperature ramps, 1.0 and 

0.1 OC/min. from room temperature to 7000C, were also investigated. 

Table 1 

Heat Treatment Notation 

IVA IVB I 

3800C/2d 38QOC/2d 3800C/2d 

+ + + 

5800C/3d 5800C/2d 5800C/9d 

+ 

6250C/ld 

IV .B. TEM Sample Preparation and Technique 

Samples wc:rc prepared for transmission electron microscopic (1"a{) observations 

by a combination of mechanical grinding and ion milling. The longitudinal samples were 

sequentially thinned with 240 and 600 grit SiC paper to a final thickness of 25-SOmm 

(0.001-0.002in.) so that the sample came from the center of the wire. After grinding the 

samples were cut to lengths of about 2.5mm and mounted on 3mm Cu TEM holder with an 

oval hole 2mm by lmm. The mounted sample was then thinned by ion milling in Gat.an 

dual stage machine at ambient temperature. Two sets of ion gun parameters, voltage, 
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cum:nt and tilt, were used during thinning. For initial thinning the settings 7kV, O.SmA, 

and zso were used. Af~ the fllamcnts are broken in about 6-Sh the gun conditions were 

changed to 4kV, 0.2mA, and 12°. The fmal thinning takes about 4-6h but this depends 

somewhat on the gun condition, i.e. older guns require longer milling time. 

Conventional TEM and convergent beam microdiffraction techniques were used in 

this investigation. The two microscopes, EM301 and EM400, used in this study were 

manufactured by Philips Corporation. All observations were performed at an accelerating 

voltage of lOOkV. The image rotation with respect to the diffraction pattern for different 

magnifications are seen in figure IV.4 and figure IV .5 for the EM301 and the EM400, 

respectively. 

A typical TEM section through a partially reacted filament is seen in figure IV.6. 

Observations were made as near the center plane of the nl.ament as possible, so that the 

layer morphology for the different samples observed was viewed in the same perspective. 

This is shown schematically in fig. IV. 7. The average grain width and average grain size 

were obtained from TEM micrographs using a line intercept method. To obtain the average 

grain width lines were drawn parallel to the Nb-Nb3Sn interface from the Nb interface to 

the bronze interface producing an array parallel of lines. The number of intercepts between 

a line and grain boundaries was divided by the line length, thus giving the average grain 

size. The average grain size of the equiaxed grain region was determined by drawing 

random lines through the region and counting the number of intercepts. 

IV .C.. Critical Current Testing 

The critical current measurements were done in solenoidal ma~ets at the Francis 

Bitter National Magnet Laboratory (Rubin, 1983). The direction of the field is in the 
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upward direction. The radial homogeneity is not very important for Ic measurements, but 

the axial unifonnity is. During testing the sample should be at the maximum field position. 

An error of .1:6mm (lt4iJl.) is tolerable. 

IV .D .1. Probes 

The probes provide the electrical connections and mechanical support needed at 

4.2K. To obtain accurate measurements the probes must meet specific material and design 

requirements. The probe material and design must not strain the samples. There are two 

sources of sample strain. One is the differential thermal contraction of the wire and the 

support on cool down to liquid helium temperature. Certain fiber impregnated phenolic 

resin composites match the thc:nnal contraction characteristics of the wire and therefore are 

used as a support matcri.al. The other source of strain is bowing of the sample due to the 

Lorentz force when a current is passed through the sample in the presences of a magnetic 

field. Bowing of the samples can be eliminated by correctly setting the polarity of the 

sample current in accordance with the magnetic (1Cld direction, so that the sample is forced 

into the support material. Figun: IV.8 shows the probes used in this work. The low 

current probe (<2SA) in fig. IV.Sc measured S samples without removal from the cryostat 

The 2 switches in the probe head assembly , right side of fig. IV. Sa, penni ned changes of 

the voltage and current contacts externally. The sample positions are spaced O.Sin 

( 12.5mm) apart The probe height was adjusted for each sample, so that it was in the peak 

field of the magnet. 

Procedures for soldering samples to the probe were developed to ensure_ 

reproducibility of the critical current. Joule heating. at the current contacts can drive the 

sample into the normal state. To reduce heating a large contact area is desired since the 

heating is inversely proportional to the square of the contact area. To minimize heating of 

1 9 



the sample during mounting, which could damage the sample, a low melting point solder 

was used. 

IV.D.l. Measurement Technique 

The critical cum:nt (lc) at 4.2K was measured in a transverse magnetic field with a 

potential criterion of O.liJ. V /mm of less. The magnetic field was fiXed and the current was 

ramped to above the transition point. A four point probe urangemcnt was used with 30mrn 

long samples. The voltages taps were placed Smm apart in the middle of the sample, 

equidistant from the cum:nt contacts. Obtaining reliable and reproducible data for Ic 

detennination is not a simple task. The interpretation of the data depends on the testing 

geometry and the criteria used to obtain the Ic value. The paper by Goodrich and Fickett 

( 1982) is an excellent source for methods of Ic data collection and interpretation. 

The overall Jc was calculated using the active core area (i.e. area within the Ta 

barrier) which in the case of the IGC wire is 1.3X1Q-2mm2. The Jc was calculated using 

the Nb3Sn in the wire cross section after heat treatment. The areas were measured from 

SEM micrographs using a CALCOMP 9000 SERIES digitizing tablet. To correct for 

magnifiCation error, the active core areas were scaled by the ratio of the wire area obtained 

from the micrographs to the wire determined by a physical measurement of the wire 

diameter with a micrometer. At least five samples were measured for heat t:reat:ments with a 

high Ic (7000C/4d, 0.10C/min.+7000C/ld, IVB+7000C/l~ and 1+7000C/ld) while a 

minimum of three tests were performed on low Ic samples (IV A, IVB, and I). 

A Kramer plot can be used to estimate the upper critical tiel~ Hc2. This upper 

critical field is designated Ha• since it is an estimate obtained from extrapolating low field 

data. The Kramer plot uses the high field flux pinning force developed by Kramer in 1973. 

The high field flux pinning force, which is related to the shearing of the flux line lattice, is 

proportional to (hO.S( 1- h)2), where h is ri:
2

. If this is equated to the Lorentz force, the 
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JcxH product, exerted on the flux lines, a linear relationship is obtained, Oc0.5H0.2S) = 

K<Hc2 - H). When the left side of this equation goes to zero, H goes to Ha. This value 

of Ha from a Kramer plot to designated Ha •. 
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V. Internal-Tin-Processed Wire 

V.A. High Critical Current 

The principal results of this part of the work were to confmn the high overall critical 

current density and Ic of an internal tin wire that is properly heat treated, to clarify the 

development of the wire microstructure in the complex heat treatment suggested by the 

manufacturer, and to develop a simplified heat treatment that achieves the exceptional 

properties of the Nb3Sn. The sources of the high overall Ic were clarified, and suggest that 

the two major sources of the good properties are less fll.ament modulation and more Nb3Sn 

with a small uniform equiaxed grain size. 

V .Aol. Experimental Evidence 

The Nb3Sn in the cross section of an internal tin wire has a higher Ic in the 10-lST 

range than a bronze-processed wire. Figure V .1 plots the Ic of the internal-tin-processed 

wire used in this study (Dietderich, 1985) and the bronze-processed wire from the study by 

Wu (1983). This comparison shows that the current carried per unit area of Nb3Sn is 

greater in the internal tin process. The high critical current density at 1 ar suggests the 

presence of a superior Nb3Sn morphology to that produced by the bronze process, while 

the steeper decline with field suggests a lower Hcl. 

V.A.l. Factors Affecting tbe Critical Current 

As indicated in the Background Section the critical current Ic of an internal tin wire 

can be influenced by four factors: the amount, composition and microstructure of the 

Nb3Sn, and nonunifonnities along the length of the Nb3Sn fllamenL The amount of 

Nb3Sn in the wire cross section and its nonunifonnity along the fllaments - extrinsic 

factors - will be discussed fU'SL In particular, the internal tin wire has more Nb3Sn and 
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less fllamcnt modulation than a bronze-processed wire, both of which increase the critical 

current. The intrinsic factors, Nb3Sn composition and morphology, will then be 

addressed. The composition of the Nb3Sn is not measured directly, but is inferred from 

the critical properties. The Nb3Sn layer morphology has a larger fraction of small equiaxcd 

grains than that produced in the bronze-processed wire. The effect of heat treatments on Ic 

is interpreted on the basis of these two inttinsic propenies. Each of these points will be 

addressed in more depth in the following sections. First, however, the general critical 

current behavior of the internal tin wire will be presented along with a summary of the 

principal results of this work. 

V .A.l.a. Critical Current: Extrinsic Factors 

As mentioned in the introduction the high critical current of the internal tin wire can 

have four sources; two are extrinsic to the fllament, while the other two are intrinsic to the 

fl.lament. The fli'St extrinsic source is the increased amount of Nb3Sn in the wire cross 

section. The second is a dcc:rcase in fllament modulation produced during wire fabrication. 

The fabrication problems associated with the internal tin process are related to those of a 

nonrea.cting metal-metal fllamentary composite, since Cu and Nb do not form intcrmetallic 

compounds. The main problem is modulation of the Nb fllaments in the Cu matrix. The 

bronze-process, on the other han~ bas these problems as well as fllament irregularities 

introduced by Nb3Sn formation. Annealing heat treatments required to soften the bronze 

produce a thin layer of Nb3Sn which breaks up with subsequent deformation. This Nb3Sn 

at the Nb-bronze interface forms hard undefonnable particles which introduce fl.lament 

irregularities (Fig. n.l3). These irregularities reduce the critical current (Smathers, 1983). 

Some work has been done to quantify this effect and will be discussed below. 

It has been observed that bronze-processed wires have an optimum Nb3Sn filament 

size (i.e. diameter) that produces the maximum critical current (Kamata, 1984; Okuda, 
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1983). Filaments larger or smaller than this size give a lower critical currenL Larger 

fllamcnt wires either have unrcactcd Nb, or Nb3Sn that has undergone grain growth, due to 

the longer heat trcaancnt times required to fully react the Nb. The result in both cases is a 

low Ic and Jc. Smaller filaments, on the other hand, react quickly with less grain growth. 

However, the fllaments become modulated (i.e. nonuniform diameter along their length) 

during deformation, and with fwther defonnation the variation increases. This effect has 

been quantified by Okuda ( 1983). Their work utili'V"d two pain of bronze-processed wires 

fabricated by Airco. One wire from each pair was deformed, such that the Nb fllament 

diameter decreased from 6.3J,.Lm to 3.1J,.Lm (win: no. 222) and 7.8J.Lm to 3.1J,.Lm (wire no. 

223 ). This reduction increased the spread in the filament size; the standard deviation of 

their size distribution increased. The standard deviation increased from 14.4 to 17.8 (in 

arbitrary units) and from 12.4 to 17.4 for wires 222 and 223, respectively. Comparing the 

overall critical current of the large filament wires to their defonncd counterparts - at peak 

properties for each wire -indicates a reduction in the critical current by -15% for wire no. 

222 and -25% for wire no. 223. The larger decrease in current density occurred in the 

wire with the greater change.in standard deviation (wire no. 223). 

T --'·- ..a:-- . •'"- . ho th . (!tandard deviation) o uWA&; a II,Wg,ot con1panson to ou~ WU'CS, wever, e rano\. mean 

should be used, since Okuda's area and standard deviation arc in arbitrary units. This ratio 

is -12 for the large fllamcnt wires; and it increases to 15 to 16 in the small fllamcnt wires. 

The intcmal tin wire of this study has a standard deviation to mean ratio of -12. If the 

standard deviation's effect on critical current is process independent, then the internal tin 

wire of this study could have a 15% to 25% higher Jc than the Airco bronze-processed wire 

studied by Wu (1983). 

This illustration suggests that fabrication factors can reduce the maximum 

achievable Ic and may overshadow any improvements in Ic one can accomplish by 
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optimizing the intrinsic factors of Nb3Sn, microstructure and composition. Nevertheless, 

given a particular wire fabrication technique, optimization of the critical current must be 

achieved through the intrinsic factors. The effect of these factors on the critical current will 

be discussed in the next section. 

V.A.2.b. Critical Current: Intrinsic Factors 

While the extrinsic factors that affect the critical current are encountered before 

Nb3Sn formation, the intrinsic factors are not. The composition and microstructure of the 

Nb3Sn are the two main intrinsic factors although the state of atomic order and the strain 

state of the Nb3Sn also play an imponant role. They are of secondary importance without a 

good microstructure and a cubic Nb3Sn at optimal stoichiomeuy. 

As mentioned in the Background Section, the Nb3Sn microstructure is important at 

low fields. Figure V.l shows that the Nb3Sn in the internal tin process carries 

substantially more current than the Nb3Sn produced in a bronze-~sed conductor at 

1 OT. Prior work on a bronze-processed wire showed that the Nb3Sn layer could be 

subdivided into distinct shells: columnar, equiaxed and coanened. It was proposed that the 

equiaxed grain shell carried most of the current (Wu, 1983). The equiaxcd grain size in the 

internal tin wire of this wort is of comparable size to bronze-processed wire studied by Wu 

( 1983 ). The equiaxed grain size as a function of heat treatment of the bronze-processed 

wire studied by Wu (1983) is seen in figure V.2 along with the grain size results of 

investigations by Scanlan (1975) and Shaw (1977) (S-S) for other bronze processed wire. 

All of them show the same trend, increasing grain size with increasing heat treatment 

temperature, but the grain size determined by Scanlan ( 1985) was larger for all 

temperatures. Shaw's values fall on the same trend line as those of Wu (1983). The grain 

size of the internal tin wire of this study is also plotted in figure V.2 and is seen to be 
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comparable to that in the Wu and Shaw studies. Even though the cquiaxed grain size in the 

two conductors is similar an increase in critical current density results from a larger 

cquiaxed shell in the internal tin wire. This intrinsic factor for the fllaments in the intcmal 

tin wire by itself can account for a significant critical current increase at lOT. The 

development of the good microstructure is dependent on the heat treatment the wire 

receives; recognition of its imponancc motivated much of the work described in the next 

section. 

The steeper drop at high magnetic fields of the lc of the internal tin wile (fig. V .1) 

implies a lower Ha. The influence of the process on strain state and the effect of strain 

state on critical current is discussed below with particular emphasis on high field 

properties. The strain state of the Nb3Sn is difficult to defme since it is affected by two 

factors. One is the reaction stt'CSses that develop during the Nb3Sn layer growth while the 

other is due to differential thermal contraction of the wire components (i.e. Ta. Nb3Sn, and 

bronze). The reaction stresses, and their effect on the morphology of the Nb3Sn layer, 

will be addressed in the second pan of this dissertation, which focuses on morphology 

changes in Nb3Sn. The strains that result from thermal effects will be discussed briefly 

due to their interplay with the Nb)Sn composition and structure. The relationships between 

these intrinsic factors and the critical current are discussed and compared to those in a 

bronze processed wire. 

In fact, the extrapolated upper critical field, Ha •, of the internal tin wile is less than 

that in a bronze-processed wire. Figure V .3 compares the extrapolated upper critical fields 

of both wires using a Kramer plot (see experimental procedure: measurement technique). 

The extrapolated field for a bronze wire heat treated at 7000C for 2d is 20.rr (4.2K) and 

for the internal tin wire given heat treat 1+ 7000C for ld (Table 2) is 18.9T (4.2K). Both of 

these values arc less than the measured upper critical field of 26T for a cubic stoichiometric 

strain-free Nb3Sn (Foner and McNiff, 197?). This difference could result from the state of 
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atomic order, the strain state, or the composition of the Nb3Sn, or from the structural 

transfonnation that Nb3Sn undergoes at low temperature. The state of atomic order in the 

two wires should be comparable due to the 7000C beat treatment temperature. However. 

strain in the Nb3Sn due to thennal contraction of the different components of the wire will 

suppress Hc2· Two factors must be considered: the volume fraction of each component 

and the yield strength of the bron:e. The higher the residual tin composition in the bronze 

after the reaction, the higher its yield strength at low temperature. Taken by itself the 

higher yield stress would impose larger strains on the Nb3Sn of the internal tin wire. 

However, the bronze to niobium ratio in the internal tin wire is lower (less bronze), but not 

by much ( 2.5 vs. -3.0). Additionally, the bronze distribution is different in the two wires 

which would alter the strain distribution thorugh the filament region. The bronze process 

has the fllaments uniformly distributed in the bronze matrix (uniform strain), while the 

fllaments in the internal tin process are localized to a bronze annulus which has a bronze 

core (strain proflle). The two effects, yield strength and component volume fraction, are 

difficult to separate. Another potential source of Ha suppression is the strain-induced 

cubic-to-tetragonal crystal structure transfonnation (cla-1.02) that Nb3Sn undergoes at 

-40K when it has a composition between 24.S-2Sat% Sn (Fliikiger, 1981; King, 1968, 

Devantay 1984). The tetragonal phase has an Ha of 19T at 4.2K, -6T less than the cubic 

structure (Fltikiger, preprint IEEE) but almost identical to the measured Hc2* value for the 

internal tin wire. Foner's measured Hc2 value for stoichiometric cubic strain-free Nb3Sn is 

26T ( 4.2K). For the transfonnation to be a factor in the internal tin wire the Nb3Sn would 

need to be more stoichiometric. See the appendix titled, Upper Critical Field, for further 

discussion of this point. The Hc2• value of 18.9T for the internal tin wire may be 

fortuitous; too many factors are involved to say the reduction in Hc2 is only due to the 

transformation. 
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V .A.2.c. Conclusions and Summary 

The internal tin wire has a higher critical current at low fields due two factors. One 

is extrinsic to the fllament. filament modulation, and the other is intrinsic to the fllament, 

Nb3Sn grain morphology. The modulation can account for a large part of the increase if 

the critical cum:nt dependence is process independent. The inaeased amount of fmc grains 

further increases the low field performance. The lower Jc at high field can be due to several 

factors, state of atomic order, stoichiometry, and strain, each of which alter the state of the 

Nb3Sn. They can operate alone or concurrently making it difficult to isolate the dominant 

one(s). 

V.B. Microstructural Development in the Manufacturer's Heat 

Treatment 

The Nb3Sn morphology and stoichiometry that develop in an internal tin conductor 

are a function of its heat treatment, as in all "bronze-type" processes. However, an 

internal-tin processed wire does DOt start with a homogeneous Cu-Sn solution. The tin 

must be distributed from the core of the subelement to the filament array. The Sn 

distribution heat treatments with their associared Cu-Sn phase development are presented in 

the next section. 1be subsequent section correlates these beat treatments to the wire critical 

current. 

V .B.l. Background 

The predecessor to the internal tin process was the external tin process, figure II.5. 

As the name implies, the Sn was supplied externally after the Cu-Nb composite was 

dcfonncd to fmal size. The external tin process defonns a Cu-Nb composite to fmal wire 

size. It is plated with Sn and heat treated to distribute the Sn and react the Nb forming 

Nb3Sn. The heat treatments used must retain all the material in the solid state; otherwise 
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gravity effects and beading of the liquid tin will produce a nonuniform tin distribution. The 

heat treatments (several temperatures, each for a ftxcd time) also have to be chosen to 

prevent delamination of the Cu-Sn intermetallics due to reaction stresses and void fonnation 

(ref Ames, Verhoven, MIT, Cogan). Two factors require that the wire diameter be kept 

small. One is the limited amount of tin that can be uniformly plated onto the wire and still 

fully react the Nb. The other restriction is to permit Sn diffusion to occur in a reasonable 

time. Since the diffusion distance is proportional to time to the one half power (x•2.VDt); a 

wire with twice the diameter would take -4 times as long to heat treat. This usually keeps 

wire diameters to less than lOmil (0.2Smm). Initially, these heat treatments were applied 

directly to the internal tin wire, although it does not share all of these problems. 

The internal tin process conf"mes the tin to the core, so no loss of tin results. The 

diffusion distance in the wires of this study is kept small by the use of subelements with a 

diameter of Smil (0.12Smm) seen in figures IV.l and IV.2. The best heat treatment 

sequence to radially dift'use the Sn outward from the core, or Cu inward to the core is still 

not known. However, several heat trcaanents de=mined somewhat empirically have been 

proposed to be the optimum. Some of the heat treatments an: remnants of the external tin 

process. To obtain the high critical cunent density at Iar, previous work has used 

elaborate multi-step heat treatments that include long times, -200h, at relatively low 

temperature, 2000C, or intermediate temperature 5800C (Schwall, 1983). Other heat 

treatments (3400C for 200h followed by SOQOC for lOOh and fmishcd with 650-72SOC for 

2d to 4d), first used by Cogan (1 983) on extcmal tin conductors, were used by Higuchi 

( 1985) on IGC intcm.al tin wire simiUar to the one used in this wo~ but result in some 

loss (5-12%) of critical cwrent. This led to the effort described here to correlate the critical 

current of a conductor to the Sn distribution heat treatments, and ultimately to the 

microstructural and chemical state of the Nb3Sn. 
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The three-step heat treatment A, (2000C for 200h, 3750C for 33h followed by 

5800C for 216h) recommended by IGC, was taken as the reference, or benchmark, heat 

treatment for a metallurgical study of the wires, since it produced a 15-20% better overall 

Jc at 1 OT for a 7000C fmal treatment temperature than wires heat treated directly at 6SOOC. 

7000C and 7300C (fig. IV .4). However, this treatment is long, 449h plus ld or 2d at 

7000C. giving a total heat treatment time of about SOOh (20.8d). A better understanding of 

the overall microstructure that results from the Cu-Sn intcrdiffusion led to the selection of 

shortened heat treatments that retained the peak Jc. The microstructure of the benchmark 

heat treatment was observed at different stages of the heat treatment sequence and 

conclusions made from these observations led to shortened heat treatments which gave the 

same high Jc. 'The results of the initial study will be presented with discussion, after which 

the conclusions about the reference heat treatment will be used to propose the shortened 

treatments. 

V .B.l. Tin Distribution and Nb3Sn Formation 

The lOOOC: heat treatment produces two inrermetallli: layers around the tin core (fig. 

V .Sa). Each layer is about S-6~ thick giving a total of 10..12~ Before the reaction the 

copper layer between the tin center and fint row of niobium fllaments is about 10J,1m. 

Afu::r the reaction a 51J.m layer of unreacted copper remains. The two intennetallic layers 

have been identified as the £ (Cu3Sn) and Tl (Cu65ns) phases by SEM/EDS. It is assumed 

that the compositions observed correspond to the equilibrium phases. Since these two 

phases are stable at 3750C the sample is ready for the next temperature of the treattnent If 

the volume of tin in the core of this internal tin wire were plated on the surface of an 

external tin wire of equal volume the tin thickness would be -12J,.Lm. An external tin wire 

would have consumed all the Sn fonning both the£ and Tl phases. 
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The second step, 3750C for 33h, produces an all£ core. The £-Cu interface is 10-

15J.Lm (or 5-10 rows) into the filaments (fig. V .Sb). Porosity is observed at this stage of 

the diffusion heat treatment. Most of the porosity is at the periphery of the core and in the 

filament region. The pore size in the filament region was kept small, apparently due to the 

growth restraint presented by the fllamcnt array. This porosity could originate from two 

sources, a volume difference between the initial phases (Cu and Sn) and the fmal phase(£), 

and/or the Kirkendall effect. This will be discussed at the end of this section. 

The temperature of the third step is 5800C. This is the most important step of the 

heat treatment. At this temperature the radial diffusion of Sn is accelerated due to its 

exponential dependence with temperature, and a substantial amount of Nb3Sn forms. This 

temperature is also associated with the most complicated region of the Cu-Sn equilibrium 

phase diagram (fig .. n. 7). The 13 and ~ phases decompose cutcctically at 5860C and 5820C 

respectively, with 13->a+Y and ~->1+-£. Between the £ and ex phases there are four phases, 

~.o,y, and p, all within 60C of S800C. This suggests that a slight variation in temperature 

could ~ve important effects on the microstructure. Thcrcfore, future experiments should 

study the temperatures of S600C and 6QOOC. The £ phase is still stable at 6000C and the 

three· phases, ~. y, and 13 can form (although they may not all appear due to kinetic 

limitations), while the 5600C treatment should give similar results to S800C, since the only 

phases that can form arc o and y. This would be informative with respect to porosity 

formation since the intrinsic diffUsion data for Cu and Sn in these two phases (y and o) is 

available. (Ebeling and Wever 1967). 

After 48h at 58QOC the £ phase has disappeared leaving the a phase (Cu-Sn soli~ 

solution with -S.Sat.% Sn) throughout the filament region and a high tin phase(s) in the 

core (fig.VSc). There also appear to be isolated islands of a high tin phase(s) in the 

filament region. The porosity which was in the core region and fJISt few rows of m.aments 

has now moved to the outer fllamcnts leaving the core void free. The Nb fllaments arc 
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-40% reacted. The composition, determined by SEM/EDS, of the high tin region is (15-

16at% Sn). This corresponds to either the y phase, or possibly the ~ phase, but the 

microstructure of these regions appears two phase (fig. V.6). 

This work is concerned with the high temperature Cu-Sn phases that are present 

during the high temperature heat treatment, not the phases that form on cooling. However, 

by observing the phases present at low temperature, one may be able to infer which phases 

are present at high temperature. Work performed to ~tify the high temperature phases 

will be discussed due to their possible influence on the Nb3Sn formation. This digression 

illustrates the importance of the Cu-Sn phase progression during heat treatment to the 

eventual Nb3Sn microstructure. The lath-like appearance of the microstructure in the high 

tin islands may be a result of a phase transformation on cooling. Below 5200C the y phase 

decomposes to the a and o phases eutectically with the o phase subsequently undergoing a 

eutcctoid transformation below -3500C to the a and£ phases. However, the eutcctoid 

reaction o ..,> a + £ is too slow to occur on cooling from the heat treatment temperature 

(Wang and Hansen 1951). The lath-like appearance of the microstructure suggests a 

martensitic transformation on cooling, which the ~ phase and the y phase are known to 

undergo ( Breedis, 1973; Kuwano and Wayman, 1983; Shimizu,1975). ·The lath-like 

microstructure of the two phase region is identical to that in figure 12 of Smith 1948 for the 

~ phase. On cooling ~ and y form ordered o:thorombic martensite, either internally faulted 

(~') or twinned ("(). A sample given heat treatment A, but with only 12h at 5800C, 

develops the Cu-Sn microstructure seen in the ~ micrograph of figure V. 7a. The 

microstructure is a two phase mixture with one phase having twins or faults. This phase is 

observed to be in contact with faceted grains (arrows fig. V. 7b ). The faceted grains are 

observed by SEM at longer heat treatment times, 72h (fig. V.8). The presence of the high 

tin phase may be important to the formation of the large grains, since less time at 5800C 

reduces the number of large grains. These grains are believed to be Nb3Sn, but work done 
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on the fonnation of Nb-Sn compounds from Sn-Cu liquids shows that Nb65ns can also 

form at 66QOC. Therefore, &ome doubt remains as to the initial Nb-Sn phase to form at 

S800C in the internal tin wire. The melt must have a tin concentration of greater than 35at% 

(Yamasaki and Kimura, 1982). However, as the reaction to fonn Nb-Sn phases proa:eds, 

the tin content of the Cu-Sn liquid decreases until either the -y or E phases forms. If one 

extrapolates the data of ref. to S800C the Nb65ns phase can fonn from a bronze of -20at% 

Sn. At the start of the S800C treatment the Nb fllament is in contact with the E phase 

(Cu3Sn) which is 25at% Sn. It is possible that a two phase tie line between Cu3Sn and 

Nb&Sns exists at this temperature. Figure V.9 shows a schematic of a proposed Cu-Nb-Sn 

ternary equilibrium phase diagram at 5800C if this tie line exists. The ternary phase 

diagram studies done on Cu-Nb-Sn have been for temperatures of lOOOOC or higher and 

for tin concentrations on the Cu-Nb side of the phase diagram (Hopkins, 1977). As stated 

earlier, this is an interesting and complicated region of the Cu-Sn phase diagram due to the 

number of phases. In addition the crystallography of these Cu-Sn phases is still not well 

known. A defmitive answer as to which phases are present can not be obtained without 

further TEM and x-ray diffraction analysis. 

Returning to the discussion of the evolution of the wire microstructure during heat 

treatment, completion of heat treatment A (after 218h at 58QOC) removes the high tin phase 

leaving only the a phase. The fllaments are -85% reacted (fig. IV.l). The fllaments near 

the core are almost completely reacted while those at the subelement periphery are not. A 

ring of porosity through the fllament region develops in some of the subelemcnts but not in 

all (fig. V.IO). This porosity could have a strong effect on the strain sensitivity of the 

critical current of the conductor. The fllament adjacent to porosity will experience more 

strain during a uniaxial test due to the decohesion of the fllamcnt and matrix at these points. 

The variation of critical current with applied axial strain for different heat treatments (i.e. 
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different porosity distributions) is presently being investigated at ll.NL by M. Strum and 

L.T. Summers. 

V.B.J. Direct to High Temperature Heat Treatment 

A different overall wire microstructure is obtained when the conductor is taken 

directly to 7000C. Figure Y.ll shows a wire that has been heat treated 2d at 7000C. 

Substantial porosity is seen in the core regions but not in the filaments. The porosity is 

present as early as 3h into the heat treatment when a high-tin phase is still observed in the 

core. The presence of porosity and its location this early during the heat treatment will 

inhibit radial diffusion. Figure Y .12 shows a longitudinal view of the wire heat treated at 

1oooc for 2d; the porosity is adjacent to the flfSt row of fllaments. This porosity 

distribution is not observed in wires heat treated at 5800C. The microstructure of a wire 

heat treated at 6SOOC is expected to be similar. This porosity, or lack of porosity is 

believed to have an effect on Ic. As can be seen in fig. Y.4 the Ic of the 6SOOC heat 

treatment is a little higher than that of the 7QOOC and 73QOC heat treatments. 

V.B.4. Porosity 

As stated earlier, porosity in the internal tin process is unavoidable due to the 

volume difference between Sn phase in the core and the Cu-Sn phases that form during the 

heat treatments. Each particular choice of heat treatments will produce different Cu-Sn 

phases. which will produce a different void distribution. This is due to the Kirkendall 

effect. i.e. the diffusivity of Cu and Sn arc different in the Cu-Sn intcrmetallics. In other 

words. the presence of porosity is intrinsic to this process while the distribution is not. 

The atomic volumes of the different phases are given below: 
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Czystal Structure 

Sn(~) 

Cu (fcc) 

y, o, ~.and£ 

,,~ 

Table 2 

(a~:m) 
-27 

- 11.7 

- 12 to 15 

-N/A 

When the Sn core reacts with the Cu to fonn an all £ core, the difference in crystal 

structure volume (10%) will produce porosity in the core. 

The difference in intrinsic diffusivities of the different crystal structures is 

responsible for the porosity distribution. This difference in instrinsic diffusivities produces 

the Kirkendall effect (da Silva and Mehl. 1951). The relative intrinsic diffusion rates of Sn 

and Cu in the different crystal structures are listed below. 

Table3 

Sn - 10 to 20 imes faster in Cu-Sn solid solution (Hoshino, 1980) 

- 100 to 200 times faster at S800C and SOOOC, respectively in o. (Ebeling 

and Wever, 1967.) 

Cu - 25 to 10 times faster at S800C and 7000C, respectively in y. (Ebeling and 

Wever, 1967.) 

Sn, Cu - about the same in£ and,.,. (deduced from Cogan, 1981 data) 

Unknown for ~and~-

The heat treatment at S800C moves the porosity to the opposite side of the growth 

interface. The removal of the porosity from the core requires Cu diffusion into the core. 

Without information about the intrinsic diffusivity in the p phase, the only phase in which 
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this diffusion could occur is 1 phase. Nevertheless, copper diffuses 2S times faster than 

Sn in the 1 phase at 5800C. The large intrinsic diffusion rate of Sn in o (100 times faster 

than Cu) at S800C would remove Sn from the core such that more porosity would result 

Since 1 and o can both form at S800C and each will disappear to form Cl it is not clear 

which will dominate. 

V .B.S. Summary of the Manufacture's Heat Treatments 

Several conclusions can be made about the reference heat treatment; one is that the 

2000C for 200h heat treatment does not consume the Sn core or contribute much to Sn 

distribution. This treatment is unnecessary in the inu:mal tin wire and will not be included 

in further heat treatments in this work.. Nevertheless, the manufacturer still recommends 

this temperature as a precaution against tin leakage, (the volume inaease when tin becomes 

molten could rupture a region of the wire); however, the time has been shortened to 48h. 

The core region is all £ phase after the 2000C for 200h + 37SOC for 33h treatment It was 

detcnnincd that an equivalent £ phase microstructure can be obtained after 48h at 3800C. 

This was therefore adopted as the f~nt step in future. heat treatments. The treatment at 

5 8QOC for 216h was too long on practical grounds, i.e. heat treatment of a magnet, as well 

as for, fundamental reasons, i.e. optimum microstructure of the Nb3Sn. This will be 

discussed in the next section. 

V .C. Development of New Heat Treatments 

V.C.l. Background 

The heat treatment to optimize the critical current of a bronze-processed 

supcrconducting wire depends on the particular wire characteristics. However, in general 

the highest critical current at low magnetic fields is obtained with a low temperature 

treatment while a high tempcrarurc treatment optimizes the high magnetic field regime. The 
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low temperature produces a small Nb3Sn grain size, important at low fields, but poor 

stoichiometry and atomic order. The Nb3Sn formed at high temperature has better 

stoichiometry and state of atomic order, necessary for good high field properties, but a 

larger grain size. The beneficial effects of both temperatures can be achieved in a wire by 

utilizing a two step heat treatment. Work by several groups has shown that a low 

temperature followed by a high temperature can improve the critical cUITCnt in both field 

regimes. Work by Wu et al (1984) investigating a bronze wire fabricated by Airco showed 

that the optimum low-high temperature treatment for this conductor was 7QOOC for 4d 

followed by 7300C for 2d. While others researchers (Schaur and Scheib, 1981; Ochiai, 

1987) have used beat treatment temperatures of 7000C followed by 8000C. In these 

studies good high field performance was obtained but the low field critical cUITCnt was 

reduced by excessive grain growth during the second step at SOOOC. Evaluation of all the 

two-step beat treatments reveals that the f1rst step should be at 7000C or less and that the 

second step should begin before all of the Nb has been consumed. The temperature of the 

second step should not exceed 7SOOC. 

The second step, at the higher temperature, increases the layer growth rate. This 

increases coarsening (i.e. grain growth) of the Nb3Sn. Any grain growth that docs occur 

is in part compensated for by the remainder of the Nb being convened to Nb3Sn. The 

higher temperature also increases the bulk diffusion rate of Sn in Nb3Sn, accelerating the 

approach to stoichiometry and a state of perfect atomic order. The intrinsic diffusivity of 

Sn in Nb3Sn is less than that of Nb, which makes it rate controlling for the achievement of 

stoichiometry and a state of atomic order. The activation energy for diffusion of Sn in 

Nb3Sn is between S-lOev (Welch 198?). Therefore a small increase in temperature can 

have a large effect on diffusion due to the exponential dependence. It is a trade-off between 

a longer rime at the lower temperature or a shon.cr time at the higher temperature. 
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V.C.2. New Heat Treatments 

The multi-step heat treatment of the internal tin wire incorporates these principles. 

A low or intermediate temperature heat treatment to distribute the tin also initiates Nb3Sn 

formation; it is the fli'St step of a two step heat treatment for the Nb3Sn. However, the long 

time at the intermediate temperature of 58QOC is detrimental to the Nb3Sn microstructure. 

A small grained Nb3Sn is produced, but the long time promotes grain growth of the Nb3Sn 

grains at the filament periphery ( the fll'St grains to fonn). Two heat treatments were 

chosen to test this hypothesis. One heat treatment (IV A)was 3800C for 2d followed by 3d 

at 5800C prior to the 7000C final temperature. The other (IVB) was 3800C for 2 days, 

5800C for 2d, and 62SOC for ld prior to the 7000C final heat treatment. The overall critical 

current density and the critical current density of the Nb3Sn are given in Table 4. The 

overall critical current density of IVB+7000C for ld (16.6xl02A per mm2) is plotted in 

figure V.l3 along with the 1+7000C for ld (16.9xl02A per mm2). Heat treatment I 

(3800C for 2d followed by 5800C for 9d (216h) replaced the reference heat treatment A. 

These two heat treatments are 15-20% higher than wires heat treated directly to 7000C for 

4d (14.0xl02 A per mm2), also listed in Table 4 and plotted in figure V.l3. 

1bc increase in the critical cunent density with the final heat treatment at 7QOOC is 

higher than would be expected if more Nb3Sn was produced with the same Jc. The critical 

current density increases by 40-45%, when heat treatments NB and I are given the final 

step, 7000C for ld. These increases arc achieved with increases in Nb3Sn area of only a 

15% for heat treatment I and a 25% for heat treatment IVB. The second step at 7000C has 

improved several of the intrinsic factors. 

The porosity ring observed in the direct to 7QOOC heat treatment may not occur in 

practice. The rapid hearing rate (10-15m) used in this study could not be implemented for a 

magnet that undergoes a wind and react treatment. The thermal mass of a large magnet 
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would produce a temperature ramp to 7000C which one might expect to be beneficial since 

it is a low-high heat treatment. This concept led to the final heat treatments, two 

temperature ramps. The first is a slow ramp to 7()()0C, 0.1 oc, to distribute the tin and give 
m 

the Nb3Sn a low-high temperature heat treatment. The other ramp, a factor of ten faster, 

1.0 oc, would be similar to the direct heat treatment but with some time at intermediate 
m 

temperature to distribute the tin. The fast ramp took 12h to reach 7000C, while the slow 

r.unp required ll7h (4.9 days). The slow ramp time to 7000C is the same as the multi-step 

heat treatments IV A and IVB (5 days). However, one should not expect the same Cu-Sn 

microstructure to result from the two treatments. The Cu-Sn phase formation and 

disappearance will occur at different rates due to the difference in intcrdiffusion rates in 

each phase with temperature. The overall critical cmrent of both ramps is included in figure 

V .13 and is listed in Table 2. The overall critical current of the slow ramp treatment 

(16.3x102 A per mm2) is as good as the multi-step heat treatments IVB+7000C for ld 

(16.6xl02 A per mm2> and 1+7000C for ld (16.9x1o2 A per mm2). To the best of my 

knowledge a ramp heat treatment for this conductor or any superconducting wire had not 

been implemented prior to this work. 

The success of the ramped heat treatments is good for practical magnet heat 

treatments and is being recommended to some of IGC's internal tin wire customers. This 

is in part due to a magnet's size. It would be difficult to heat treat with fixed temperature 

steps and obtain uniform properties throughout the magnet. The high critical currentS 

obtained with the slow ramp suggest that the benefits of the two step temperature concept 

were achieved with this heat treattnent. 'The ramp to 7000C distributes the Sn and starts the 

formation of a small-grained Nb3Sn. The fmal treaanent at 7000C completes the reaction 

and improves the state of atomic order and the composition of the Nb3Sn. The r.unp 

treaonents treattnent behaved as expected using the low-high temperature heat treaonent 

concepts. 
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V .D. Conclusions 

In summary, the internal tin wire was found to have a much higher critical current 

density than bronze-processed wire. The sources are a more uniform fuamcnt size (i.e. 

diameter) and more small-grained Nb3Sn. The heat treatment time can be shortened 

without loss of current carrying capacity using the undentanding of microstructural 

development acquired during the flfSt stage of the research. The alternate heat treatments 

also produce a different porosity distribution which should affect the strain state of the 

conductor. The high critical cum:nt can be achieved by utilizing discrete temperature steps 

or a temperature ramp. 
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VI. Bronze-Processed Wire 

VI.A Results and Discussion 

The previous half of this work: showed how certain factors affected the critical 

current of an internal tin wire. There are four dominant factors, two of which arc extrinsic 

to the tllamcnt and two of which are inttinsic. One intrinsic factor of the internal tin 

process, the microstructure of the Nb3Sn, was superior to that observed in the bronze 

process. The development of this microstructure is of in~t since it produces such a high 

1c at low fields. Several morphological studies of Nb3Sn produced by "bronze-type" 

processes have observed differing microstructures, not necessarily in conflict. The typical 

layer microstructure consists of three Nb3Sn regions that differ in grain morphology: 

columnar, or equiax~ or coanencd grain shells. Columnar grains arc present at the Nb

Nb3Sn growth interface while coarsened grains are present at the bronze interface. 

Between each of these regions is an equiaxed grain shell. The relative proportions of each 

region depends on the particular wire design and the heat treatment it has received. Since a 

small equiaxcd grain morphology is the prcfcrTed microstructure there is interest as to how 

it develops. Two mechanisms have been proposed to explain the observed morphologies. 

One attributes the observed layer morphology to nucleation and growth of Nb3Sn early 

during the reaction heat treatment (Sucnaga, 1981 ). It is proposed that early in the heat 

treatment the high tin supply in the bronze provides a high tin concentration at the growth 

interface. This high tin concentration facilitates the nucleation of new grains at the interface 

instead of the growth of existing grains. Later during the reaction when the tin 

concentration in the bronze is low, the growth of existing grains is preferred producing 

columnar grains. The second mechanism proposes that columnar grains form early during 

the reaction and that with subsequent layer growth they reconfigure (i.e. break-up) 

producing the cquiaxcd grain shell (Wu, 1983; Wallach and Evetts, 1986). 
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A bronze-processed wire fabricated by Hitachi was shown to have colwnnar grains 

at the Nb interface, an equiaxed shell, and coarse grains near the bronze (Johnson-Walls, 

1985). Therefore, this made it a good choice for a study to observe the microstructural 

change. TEM observations of this wire reveal that columnar grain fonnation starts early 

during the Nb3Sn layer growth. These columnar grains break up (i.e. reconfigure) with 

further layer growth producing the equiaxed region. Several mechanisms could be 

responsible for the grain morphology change. These possible mechanisms require either 

dislocations (recrystallization and polygonization) or grain boundary motion (columnar 

grain instability). The likelihood of each mechanism is correlated to the observed 

microstructure and the ability of the process to relieve the reaction stresses that arise due to 

layer growth. 

VI.A .. l. Nb3Sn Layer Growth 

The variation of the Nb3Sn layer growth rate with heat treatment time has been 

measured in an attempt to correlate it to the layer morphology. The layer thickness 

variation with heat tteatmcnt time can be used to determine the mechanism of layer growth. 

The variation is usually characterized by the two parameter equation d=-Ktn where dis the 

layer thickness, t is the time, K is the rate constant and n is the time exponent. The rate 

constant K varies with temperature and may not have a simple exponential character typical 

of a diffusion coefficient, exp(~BET)' where E-activation energy, kB .. Boltzmann's 

constant and T =temperature, which gives an Arrhenius plot. The complex dependence of 

K with temperature is due to K being related the difference of two diffusivities each of 

which is weighted by a composition gradient (Kidson, 1961). The time exponent n reveals 

information about the mechanism controlling growth. The values of n and K arc obtained 

from a plot of layer thickness vs. log time. The slope gives the value of n and the intercept 

with the y axis gives logK. For a time exponent of 1 the reaction at the growth interface is 
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thought to be controlling the layer growth and for a growth exponent of 0.5 diffusion 

through the layer is rate controlling. Values between 1 and 0.5 suggest a regime where 

both rates are comparable and values < 0.5 suggest the Sn supply in the bronze is limiting 

(Farrell, 1974; Agarwal, 1984) 

Figure VL 1 shows the Nb3Sn layer thickness vs. log of the heat treatment time at 

7oooc for the Hitachi wire. The slope for times less than 24h is 0.52 while for times 
2 

greater than 24h it is 0.19. The value ofK2 is 1.2x1o-11 a; when n=0.52. The units of 

K2 make it like a diffusivity; however, as mentioned above it can not directly be intmpreted 

as a diffusivity in most cases. These layer growth observations show that the Hitachi wire 

is in the diffusion-controlled regime when heat treated at 7000C for less than 24h. Since 

Nb3Sn has a high melting temperature (2t'300C) and the ordered A15 crystal structure, 

diffusion through the bulk by a vacancy mechanism can not account for much mass 

transport. (Welch, 198?) This poor bulk diffusivity combined with the small Nb3Sn grain 

size implies the majority of the mass flow to _the Nb interface is along Nb3Sn grain 

boundaries (Togano, 1979). The behavior of Nb3Sn wires doped with Ti is further 

evidence of this. The addition of Ti to the Nb core increases the growth rate of Nb3Sn by 

2-3 times. From data obtained by Tribula (1986) the ratio of K2 between a Ti-doped 

bronze wire and a TI-ftee control wire is 2.5. Since the n value of each wire is about the 

same, n=-0.6 near the diffusion controlled regime, the addition of Ti must alter the 

diffusion rate through the Nb3Sn layer. The layer growth is controlled by the rate Sn 

diffuses along the Nb3Sn grain boundaries. Since the grain size in Ti doped wire is about 

the same, if not slightly larger, than that in an undoped wire, Ti must increase this rate. 

In the Hitachi wire, the kinetic regime where n• ~ dominates, is not seen due to the 

pre-reacted layer ( -o.l5JJ,m) of Nb]Sn that fonned during fabrication. Once a thin layer of 

Nb3Sn has formed, the rate of Sn diffusion though this layer dominates the growth. It may 
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be possible to infer the layer morphology from the layer growth mechanism, i.e. whether 

the nucleation ofNb3Sn grains or the growth of existing grains is occmring. When n =1 

nucleation of grains is occurring. for 1> n > 0.5 nucleation of grains and growth of 

existing grains competcy and when n.0.5 the growth of existing grains predominates. 

Subsequent microstructural observations will be related to the layer growth rate in this 

mmmcr. 

VI.A.2. Nb3Sn Grain Morphology 

As mentioned earlier, past work on the Hitachi wire showed it produces a columnar 

grain structure. This made it a good C3lldidatc in which to observe the evolution of the 

Nb3Sn gram morphology from one that is columnar to one that is equiaxcd.. In an am:mpt 

to detc:rm:ine the mechanism responsible for the morphological changes 1EY1 studies were 

performed.. Observations were made at the Nb-Nb3Sn interface to investigate the 

occum:nce of nucleating grains or the formation of columnar grainso The tails of the 

· columnar grains were studied for infcmnation leading to a break-up mechanism (i.e. the 

presence of rccrystdJization, dislocationsy and low angle or high angle boundaries). The 

majority of the results will be presented with only a brief discussion as to their importance. 

An in-depth discussion will follow. 

Every compound layer goes through a nucleation and growth sequence as it forms. 

A new phase rmt nucleates (with random or oriented nuclei) at the boundary between the 

parent phases, in this case, Nb and Cu-Sn bronze. Those nuclei or grains that arc 

favorably oriented for faster growth advance into the Nb. There can be a regime where 

there is a competition between the growth of existing grains and the nucleation of new 

grains as discussed in the section on layer growth. The absence of the kinetic-controlled 

layer growth regime (reaction controlled n-1) in the Hitachi wire may be due to the 
I 
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fonnation of Nb3Sn during the fabrication anneals at -SSOOC to soften the bronze. As a 

result of these anneals, the thickness of the Nb3Sn layer is already 0.15~ even before the 

7000C reaction heat trcatmcnL Obviously the nucleation stage has begun and finished by 

this time. The competition between nucleation of new grains and growth of existing grains 

seems to be of shon duration in the Hitachi conductor, less than two hours. As early as 

one to two hours into the reaction a well-developed columnar grain morphology has formed 

(fig. VL2). Observations of the interface of this sample near the edge of the foil (fig. VI.3) 

show no new grains even at favorable nucleation sites such as the three grain junction 

between two adjacent Nb3Sn grains at the Nb interface. A schematic of the interface 

microstructure in figure VI.3 is seen in figure VI.4 with the favorable points identified. 

Behavior at these sites should indicate whether grain growth or grain nucleation is 

occurring. Since the tin supply is high at the junction and the surface energy barrier to 

nucleation is reduced there. 

With further heat treatment to 7h columnar grains of about the same length as those 

observed at 2b arc still found at the Nb interface. However, the columnar grain structure 

formed at 2h has broken up, fonning a more cquiaxcd structure (fig. VI.S). The tails of the 

columnar grains appear to break up producing eqniaxcd grains of comparable width to that 

of the parent columnar grain. Figure VI.6 shows the average grain width vs. distance 

from the Nb-Nb3Sn interface. The average grain width is uncorrected for grain shape (i.e. 

columnar or equiaxed). If this effect is accounted for the average size of the equiaxed 

grains would increase. A deflection in the curve is observed at the columnar grain to 

equiaxed grain transition region indicating some form of grain rcconfiguration. Three 

possible sources for the observed columnar-to-cquiaxed grained rcconfiguration arc: 

polygonization of dislocations, recrystallization, and columnar grain instability. 

To detenninc which of these mechanisms operates TEM observations were 

performed. Polygonization of dislocations and recrystallization typically require a 
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measurable dislocation density. No dislocations are observed in the interior of the 

columnar or equiaxed grains even when tilted to different orientations. The only 

dislocations observed an: at grain boundaries to accommodate crystallographic mismatch 

between adjacent grains (fig. VI. 7). Observations were perfonned in the columnar

equiaxcd grain region to determine the misorientation between the columnar grains and their 

neighboring equiaxcd grains. A high angle character (>100) was generally observed which 

suggests polygonization is not likely. Also, no fme grains are observed at the tail of the 

columnar grains that could be interpreted as new grains due to a recystallization process. 

The columnar grain texture (preferred orientation) was determined since this would 

have an influence on the break up mechanism. The preferred growth direction of the 

columnar grains was determined using convergent beam electron diffraction and 

mic:rod.i.ffraction. The preferred direction was determined to be [210] (:SO) for about 50-

60% of the grains examined (fig. VI.S). This is lhown schematically in figure Vl.9. For 

these grains, the A15 (210) planes are parallel to the Nb surface. If dislocations or grain 

boundary motion were inst:rumental in the break-up of the columnar grains the columnar 

grain orientation would be importanL Since the A15 crystal sttucture has only three slip 

systems the orientation of the columnar grain will determine which onc(s) can operate in the 

stress state that develops from the reaction. Also, the mobility of a boundary depends on 

the misorientation between the grains. 

Wort by Tachibwa and Togano (1979) showed that bronze-processed Nb3Sn 

developed a (100)[011] prefem:d orientation when grown on a tlaacned Nb filament (a tape 

character) with a (100)[011] bee rolling texture. Therefore any texture that develops in the 

Nb filament would play a role in determining the Nb3Sn layer morphology. The Nb 

filaments in the Hitachi conductor also develop a preferred orientation. a strong < 11 0> bee 

fiber texture. The texturing is observed in both TEM diffraction (fig. Vl.lO) and x-ray 

diffraction (fig. Vl.ll ). Several Nb grains contributed to the TEM selected area diffraction 
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pattern of figun: VI.1 0. The diffraction spot associated with [ 11 0] direction that is parallel 

to the fllamcnt axis is split into two spots. They arc separated by -so. At this time it is not 

known if the fllaments have developed a cylindrical texture, [110] fiber texture with (100) 

planes around the surface (i.e. circumference) of the filaments, like a rolling texture. 

It should be mentioned that the Nb filaments have been heavily cold worked and as 

a result arc highly dislocated (fig. VI.IO) in addition to having a strong [110] fiber texture. 

At this time it is not known how the homogeneous dislocation distribution in the Nb well 

affect the Nb3Sn layer morphology. However, it has been reported that the nucleating 

grain siz.c depends on the degree of deformation in the fllamcnts (Blum, 1977). The degree 

of deformation in part determines the dislocation density in the Nb. During the long heat 

treatment times at 7000C (about 4-8 days) for a bronze-processed wire the Nb is 

undergoing recovery. This will produce a different dislocation substructure in the filament 

center, later in the reaction, than at the fllament surface earlier in the reaction. If the 

dislocation density and its distribution in the Nb play a role in determining the Nb3Sn layer 

morphology a wire with a fasti:r layer growth at a given temperature such as an internal tin 

wire should benefit from the increased dislocation density. 

Each of the three possible columnar grain break up mechanisms mentioned above 

(polygonization of dislocations, rec:yrstallization, and columnar grain instability) will be 

discussed in more detail. FU'St, however, the stresses that develop in the Nb3Sn layer due 

to the Nb-Sn reaction must be discussed since each of these possible mechanisms relies on 

the reaction stresses in one way or another to provide a driving force. 

VI.A.3. Stresses In Nb3S n 

It has been known for over a hundred years that stresses develop in thin films 

which are produced by plating (Stoney, 1909). Films produced by other techniques also 
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have internal stresses. Both the mm growth mechanism and the thennal expansion 

differences between the fllm and substrate produce the stresses. The film growth produces 

what will be called "intrinsic stresses" to distinguish them from thennal stresses. Thennal 

stresses are not encountered during the Nb3Sn layer growth; however, they do play an 

important role in determining the superconducting properties as discussed in the previous 

part of this work. The model that is developed below, to analyze the intrinsic stresses, 

could approximate thennal stresses with the appropriate changes of boundary and initial 

conditions (see the appendix titled Stress Model). Due to the multifilamentary wire 

geometry a measurement of the intrinsic stresses is impossible. Therefore, a model is 

developed to determine the magnitude and functional form of these stresses. 

To model the intrinsic stresses certain assumptions and approximations must be 

made about the Nb3Sn layer growth. First, current understanding has Sn diffusing from 

the bronze along the Nb3Sn grain boundaries 'to the Nb-Nb3Sn interface where it reacts 

with the Nb. Second, the conversion of Nb to Nb3Sn produces a 37% volume increase in 

the fllament. The volume change is calculated by comparing the volume of the Nb unit cell 

before the reaction to the volume of Nb3Sn produced, keeping the number of Nb atoms 

constant. This volume calculation is analogous to the Pilling-Bedworth ratio for oxide film 

growth, (~~) where V oxide is the volume of oxide produced when the volume of 

metal, V mew. reacts with oxygen. Lastly, one assumes that all of the volume increase 

occurs at the reaction interface. 

A linear elastic model is used to model the stresses in the Nb3Sn layer. Even 

though the layer growth requires a moving boundary solution a static model is developed. 

The layer is permitted to grow to some thickness and the stress state of the system is 

determined assuming no stress relaxation has occurred. In this model the volume increase 

mentioned above is equated to 3Eo, where Eo is the unconstrained linear transformation 
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strain the Nb3Sn undergoes. The volume of a material can be expressed in terms of the 

strain by the product (l+Er)(l+~)(l+Ez)=(l+£r+~+Ez) + [Er£e+Er£z+Ee£z+£r£e£zl. In linear 

elastic theory strains of second order or larger are assumed to be small, and neglected (sum 

in brackets). In cylindrical coordinates the dilatation is the sum of the principal strains Er, 

ea. and Ez, (er+~+£z)=3£o. 

The stress state of the material is obtained by using the appropriate initial conditions 

and boundary conditions between the Nb-Nb3Sn and the Nb3Sn-bronze. The material is 

assumed to be initially strain free. It is assumed that the bronze does not inhibit the 

expansion of the Nb3Sn at the reaction temperature of 7000C (i.e. it is perfectly plastic with 

a yield strength of zero). The boundary conditions at the Nb-Nb3Sn interface require that 

the displacements and radial stresses be equal. 

Figure VI.l2 shows the idealized model which assumes that the Nb3Sn (region II) 

fonns on the surface of an isolated Nb fl.lament (region 0 in an inf'mite bronze matrix. An 

annulus of Nb is removed from the material, allowed to transform to Nb3Sn and replaced 

into the original volume. The geometry (cylindrical plane strain) and the surface tractions 

(boundary conditions) determine the stress distribution in the material. Force balance 

considerations from the core to the bronze interface require that the following differential 

equation holds: 

To solve this equation the two stresses (crr and cra) can both be expressed in terms of the 

radial displacement u. The strains in the radial er and circumferential ~ directions can be 

expressed in terms of u. 

du u 
Er = di and Ee = r 
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The clastic equations (generalized Hooke's law) which relate the strains and stresses for 

plane strain arc: 

Solving for O'r and ae: 

1 
(Er-£o) = ~[ar- v(ae+ az)] 

1 
(Ee- Eo)=~ [ae- V(O'z + O'r)] 

1 
(Ez- Eo)=~ [O'z- V(O'r + ae)] =>for plane strain Ez=O, 

O'z • v( ar+ae> - EEo 

Gr• K[(1-V)Er+ VEe- (1-v)£o] 

ae- K[(1-v)£e+ ver- (1-v)Eo]. E 
where K• (l-2v)(l-v) 

Using these equations for Grand ae and the relations for £rand £e in the displacements in 

the force balance equation an ordinary differential equation of second order in terms of the 

displacements is obtained: 

Its general solution is: 

d2u 1du u 
0 d;l• rar _;I,. 

In the Nb core the displacement u => 0 as r => 0. This requires that C2=0. The 

displacement in the Nb core and the Nb3Sn annulus (primes arc for the Nb3Sn) are the 

following: 
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u(r) = Ctr 

C' 
u'(r) = Ct'r +7 

The strains in each region become: 

Nbcore 

Nbcore 

c' c' 
£r= Ct' -7, £e= Ct' +7 

The stress equations in each region are the following ( see the appendix titled Stress Model 

for determination of constants): 

Nbcore Nb3Sn shell 

crr' • K'[Ct' -~(1-2v')- (1-v')Eo] 

ere• KCt ere' • K'[Ct' + ~(1-2v~- (1-v')Eo] 

az' • K'[2v'Ct'- (1-v')£o] 

Using the above mentioned boundary and initial conditions a state of triaxial tension 

is obtained in the Nb core while the Nb3Sn shell is in biaxial compression in the axial and 

circumferential directions and tension in the radial direction (fig. VI.13). The large tensile 

radial stress in the Nb3Sn is a result of the boundary condition that the Nb-Nb3Sn interface 

retain coherency. The expansion of the Nb3Sn shell is analogous to the thermal expansion 

of a tube when heated. The tube undergoes an unconstrained volume increase; the inner 

and outer radii both increase. This radial displacement of the inner interface will always 

place it in radial tension, if constrained at the inner surface by a material with a small 
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expansion with temperature, regardless of the elastic moduli of the materials. Two effects 

that can alter these results will be discussed in more detail later with respect to their 

influence on the development of the grain morphology. One is that the Nb filaments have 

a strong <110> fiber texture; as a result, the elastic modulus is different than the 

randomized modulus used in these calculations. Secondly, Nb3Sn is elastically anisotropic 

and the columnar grains arc preferentially oriented, again making it difficult to assign an 

elastic modulus. 

The functional form and sign of these results differ from those of Pugh et al. (fig. 

VI.l4), the only other published work for this system. Their solution gives a linear profile 

for ae which is slightly compressive at the Nb-Nb3Sn interface and increases to a large 

tensile value at the bronze interface. The radial stress, Gr, on the other hand, has an r2 

dependence which is.compressive at the Nb interface and zero at the bronze interface. They 

claim to have used a shrink fitting model, in which an annulus of Nb3Sn was shrunk over a 

Nb core. However, in a cylindrical geometry no stn:ss can have a linear pro~ like the one 

they obtained for ae. The solution requires a * dependence. A linear proflle is only 

obtained with a planar geometry. 

The magnitude of the stn:sses in both models is ~tically large. The stresses 

that develop if a Nb fJ.lamcnt with an initial radius of 3Jll11 reacts producing a 1 J11Dlayer of 

Nb3Sn- that remains elastic- are shown in figure VL13. The radial stn:ss, hoop stress, 

and axial stress at the Nb interface are 2.8GPa, -9.4GPa and -6.0GPa, respectively. 

These values are 10-15~ of the shear modulus of Nb3Sn, which is -62GPL However, 

these results give an indication of the direction mass would flow to help relieve the stress. 

Material would move from regions of compression (ie. sides of the columnar grain) to 

regions of tension (i.e. ends of the columnar grains). Unfortunately, a distinct mechanism 

for the grain reconfiguration can not be inferred from these results. However, a global 

argument can be invoked based on Le Chatelier's principle. To lower the overall energy of 
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the system the microstructure must evolve in such a way as to relieve the stress. Since an 

equiaxed grain morphology facilitates mass flow at high homologous temperatures, the 

microstructure is expected to evolve toward that morphology from the columnar 

morphology formed initially due to growth kinetics. If one compares the theoretical strain 

rates for an equiaxed microstructure, i.e. spheres (Herring, 1950) to that of a columnar 

microstructure, i.e. square rods (Nabarro, 1948), the equiaxed structure can respond to a 

stress by creep about 4 times faster. 

VI.A.4. Material Response to Stress 

The viability of the three possible break up mechanisms, recyrstallization, 

polygonization of dislocations, and instability of a columnar grain, will be discussed with 

respect to relief of the intrinsic stresses. FU'St however, a crystalline materials response to 

stress in general will be discussed. Then the stress response of Nb3Sn will be discussed. 

VI.A.4.a. General - Crystalline Materials 

A polycrystalline material can respond to stress in several ways. The manner or 

mechanism by which the material responds depends on the stress level and microstructure, 

as well as the temperatUre and strain rate (or loading rate). Polycrystalline materials can 

deform by three mechanisms: 1) glide or climb of dislocations, 2) mass diffusion. and 3) 

shear of, or adjacent to, grain boundaries. Each mechanism bas its own regime of 

operation depending on the aforementioned parameters. If a material is loaded with a stress 

below its yield stress it will plastically deform over time due to creep if given enough time 

at a high temperature. Thermally activated processes (i.e. dislocation climb and mass 

diffusion) are creep phenomena. For larger stresses, above the yield stress, the material 

deforms plastically by the generation and glide of dislocations. Regardless of the 

deformation mechanism, shear at the grain boundaries (i.e. grain boundary sliding) is 
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required to retain material coherency there. If the material defonns by slip and has an 

adequate number of slip systems, grain boundary shearing is not necessary. On the 

contrary, grain boundary sliding is an inevitable result of a creep process. These 

deformation processes are discussed below as possible stress relief mechanisms in Nb3Sn. 

VI.A.4.b. A15 Crystal Structure • Nb3S n 

There is very little experimental data on the deformation of AlS materials. What is 

available was obtained at high temperature (> 12000C) for single crystal V 3Si (Mahajan, 

1978) and (>13000C) for large-grained Nb3Sn, grain size -60J,.Lm (Eisenstan and Wright, 

1980). In addition the microstructure was not sufficiently well characterized to allow 

identification of the deformation mechanism , i.e. diffusional creep or dislocation glide. 

Deformation of the AlS crystal struc:ture by slip (dislocation glide) is difficult. Besides the 

limited number of slip systems, discussed in the introduction, the energy to nucleate a 

dislocation and the force to move it by glide are large. This is due to the crystal structure's 

large Burgers vector and shear modulus. To test the feasibility of dislocation glide to 

deform Nb3Sn a simple deformation model can be used. 

If one assumes the presence of a mobile dislocation in a columnar grain one can 

estimate the force required to move it. As discussed previously, stresses from the reaction 

would move any mobile dislocation that was present. The dislocation will bow out under 

this force since it is pinned at its ends by the grain boundary. At a certain bowing radius, 

the dislocation will spontaneously move the remaining distance across the grain. This 

bowing stress can be estimated from the material properties and simple dislocation theory. 

The shear stress depends on the grain width l, the shear modulus G, and the Burgers vector 

b of the Nb3Sn. Neglecting internal forces that may be present, the shear stress is given 

by, 
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If one assigns values of 0.53nm and 53nm to the parameters b and 1, respectively, 'tmax = 
~- This is 5% of the theoretical shear stress ~- Thus, it is possible for a dislocation to 

slip across a columnar grain if the stresses are large enough and one of the slip systems of 

the grain is oriented properly. As a result mobile dislocations would be move across the 

grains and would not be observed. Nevertheless this does give a lower limit to the shear 

stress. However, this does not address the problem of nucleation of a mobile dislocation. 

Several models for the generation of dislocations have been proposed. The first 

and perhaps the most well known is the Frank-Read source (Frank and Read 1950, Read

Hill, 1973). This mechanism requires the existence of mobile dislocations and enough slip 

systems to permit double cross slip. This may not always be the case, especially in the 

small-grained Nb3Sn (50-100nm) produced in the bronze process where space limitations 

make double cross slip difficulL In addition, the A15 crystal structUre has only 3 

independent slip systems, making cross slip difficulL Given these limitations mentioned. 

the F-R source probably can not opemc in this case~ 

Other dislocation generation mechanisms which are experimentally observed utilize 

grain boundaries as the source of mobile dislocations. Models for dislocation generation at 

a grain boundary ledges have been developed for edge dislocations (Li, 1963) and for 

screw dislocations (Price and Hirth, 1972). Both models show the feasibility of the 

mechanism but neither model gives an estimate of the stress or energy required to generate 

a dislocation. Theoretical calculations by Frank (1950) and Hinh (1963) on Cu indicated 

that the critic:ll resolved shear stress required for the nucleation of a dislocation at a surface 

step is -o.025G (25% of the theoretical shear stress) at a temperature of 900K (-o.8T m of 

Cu). Both calculations assume a large dislocation nucleation rare, which would probably 

not exist in Nb3Sn. If one nonetheless applies this result to obtain a lower limit for Nb3Sn. 

then the critical n:solved shear stress for the nucleation of a dislocation at a grain boundary 

would be greater than 1 • .500MPa. This large value suggests that dislocation nucleation 
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occun infrequently at best and other mechanism(s) such as diffusional creep must be 

responsible for the deformation that does occur. 

The ultta-fme Nb3Sn grain size 50-lOOnm (0.05-0.lJ,Lm) that fonns in "bronze

type" processes is one to two orders of magnitude less than most material which undergo 

creep by grain boundary diffusion. The Nb3Sn can respond to reaction stresses by 

diffusional creep at low homologous temperature ( -Q.4 for a typical heat treatment) and low 

stress levels. 

As mentioned in the section dealing with modeling of the reaction stresses (i.e. 

intrinsic stresses) the layer growth is a dynamic process. When the Nb3Sn layer initially 

fonns there is very little stress. As the layer grows the stresses will get larger until stress 

relief mechanisms in the Nb3Sn produce a steady state condition. The (easibility of 

possible relief mechanisms, dislocation glide and creep, has been discussed above. 

Microstructural observation should determine which nu:chanism(s) operates. 

VleA.S. Mechanisms of Grain Reconfiguration 

Three possible mechanisms that can produce the observed columnar grain 

recontiguration are: recrystallization. polygonization of dislocations, and the instability of 

columnar grains. Significant dislocation densities are needed for either polygonization or 

recrystallization to occur. It has been shown above that the nucleation of dislocations in 

Nb3Sn is difficult. This fact. along with the observation that few dislocations are observed 

in the intcriOI" of grains suggests that reconfiguration processes that requin: dislocations are 

unlikely. However, other relevant observations relevant to assessing their likelihood arc 

discussed below. The wavy lateral boundaries of the columnar grain suggest 

reconfiguration by opposing boundaries moving together, subdividing the grains. This 

requires grain boundary motion. 
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Typically, recrystallization and polygonization are associated with a 

measurable dislocation density. The required dislocation density in the grains is not 

observed in the Nb3Sn (fig.VL15). However, it is nonetheless possible that there is a 

high dislocation density driving the reaction that is not observed by TEM. Loss of 

dislocations during sample preparation is unlikely due to the limited dislocation mobility in 

the very small-grained Nb3Sn but cannot be ruled out entirely. This point is worthy of 

further investigation. 

VI.A.S.a. Polygonization 

Polygonization is a process by which a heterogeneous distribution of dislocations 

will rearrange itself to reduce the energy of the system. During this proceSs ~locations 

reamnge themselves~ climb (edge dislocations) and cross slip (screw dislocations). Due 

to the interaction of their strain fields the dislocations form mays or annihilate. When 

dislocations of opposite sign meet they annihilate forming a pedect lattice, while those with 

the same sign form a low angle boundary, thus rec:lucing the energy associated with ·their 

long range strain fields. This polygonized array of dislocations forms a low angle 

boundary ( < 1 00) between dislocation free regions. Therefore, if columnar grains break up 

by a dislocation polygonization process, low angle boundaries should separate them from 

the adjacent equiaxed grains. The typical angular relationship, i.e. misorientation, between 

a columnar grain and the equiaxed grains is seen the figure VI. 15. These observations 

were obtained from the columnar-equiaxed region of the sample shown in figure VI.8. 

Even when the best possible assumption is made, the smallest angle between the two zone 

axis patterns, the misorientation is near (90) or above (2SO or 150) the low angle boundary 

criterion (<100). This is shown schematically in figure VL16. This is strong evidence 

against a polygonization process occurring in this material. The proposed break up 
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mechanism ofWu, (1983), nucleation of dislocations and their subsequent polygonization, 

does not operate in this case. 

VI.A.S.b. Recrystallization 

Another process by which columnar grain break up could occur is recrystallization. 

Recrystallization requires that a material have a high dislocation density. There is an energy 

barrier to the formation of a dislocation-free grain since new grain boundary area is created. 

However, the stored energy in the dislocations (particularly high for Nb3Sn) helps to 

overcome this barrier. In general a microstructure which has undergone recrystallization 

will have randomly oriented grains if the puent structure was random. Consequently, the 

boundaries separating the grains will be high angle boundaries. Therefore, if high angle 

boundaries (>lQO) separate the columnar grains from the adjacent equiaxed grains, 

recrystallization may be a viable break up mechanism. Another piece of evidence that 

would support recrystamzation are fine grains at the tails of the columnar grains. 

However, rme grains, nuclei, at the tails of the columnar grains that would suggest the 

formation of new grains are not observed. 

Based on the microstructural evidence neither polygonization or recrystallization 

appear to be viable mechanisms. The few dislocations that are observed in the Nb)Sn layer 

appear to accommodate crystallographic mismatch between adjacent grains (fig. VI. 7). The 

absence of small grains at the columnar-equiaxcd region rejects recrystallization as a 

possible mechanism. Therefore, an alternate mechanism for the morphology change must 

be found. 
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VI.A.S.c. Columnar Grain Instability 

There must be a direct mechanism for the break up of the columnar grains. If the 

columnar grains reconfigure without polygonization or recystallization, some type of 

instability must be responsible which must be assisted by the reaction stresses. To relieve 

these stresses the microstructure develops that can best relieve them, the principle of Le 

Chatelier's. The wavy lateral boundaries of the columnar grains suggest the grains pinch 

off by the merger of opposing sides. This mechanism requires grain boundary motion (i.e. 

migration). A possible driving force that can account for grain boundary motion is the 

reduction of surface energy (i.e. grain growth) associated with the instability of a columnar 

grain. The former arises from the instability of a long rod (i.e. column) to decompose into 

spheres to reduce its specifiC surface energy. This phenomenon is observed frequently 

with fluid columns (Lord Rayleigh, 1879) and filaments of one phase .in a matrix of 

another (Courtney, 1979, Carter, 1986). To model this phenomenon a column of diameter 

2r is given a sinusoidal surface perturbation with a wavelength A. and a small amplitude a. 
Energy and kinetic considerations give two results as to which wavelengths will grow. 

One is a minimum decomposition wave length [A.aun- 2t(2r)] which will grow. The other 

is the fastest growing wave length [A.rasr- 4.5(2r)]. This phenomenon can occur in single 

phase materials, but additional constraints must be considered. These constraints would 

increase .both A.'s (Carter, 1986). Therefore, a direct extension to the columnar Nb3Sn 

grains may not be accurate. Nevenheless, the grain width~ which is like 2r, of the 

columnar grains near the equiaxed region iS about 40nm (fig. Vl6). This produces a Amin 

and a A.rast of -125nm and -180nm, respectively. The columnar grain length is between 

200-300nm when they break up (fig. V1.6). This value is a little larger than the fastest 

growing wave length, as would be expected in a single phase material. 

For the reconfiguration described above to occur grain boundaries must move. One 

driving force for boundary motion is chemical potential difference across a curved 
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boundary. In a homogeneous strain-free material grain boundaries move due to the 

chemical potential difference across a curved boundary, as occurs in secondary 

recystallization (i.e. grain growth). The Gibbs-Thomson equation for a cylindrical grain is, 

&~ = -~ , where ~ is the chemical potential difference across the boundary, "(interfacial 

energy (isotropic), and Q is the atomic volume (Shewmon, 1969). The relation shows that 

the smaller the curvature the larger the driving force for boundary motion and that for a 

planar boundary (r = oo) &~ = 0. Using this relation one can deduce the direction of 

motion of the columnar grain boundaries favored due to the chemical potential difference. 

To achieve this the grain shape must be viewed in three dimensions. The axial view as well 

as the longitudinal view shown in figure VI.S must be taken into account for the columnar 

grains. Figure Vll7 which is a schematic of the columnar grain in figure VI.S will clarify 

this point. In this orientation the columnar grain boundary has the larger radius of 

curvature rtt shown in part a of figure Vl.l7. However, if this grain could be viewed 

along axis, at the point of smallest columnar grain diameter, it would have the smaller 

radius of curvature f2, shown in part b of the figure Vl17. Since the chemical potential 

difference across the boundary is negative, &~2 < &~1· As a result, the grain boundary 
.. 

motion is dominated by the smaller radius which ultimately would favor pinch off of the 

columnar grain. 

The Gibbs-Thomson argument above does not consider the influence of the number 

of sides (ie. facets) a columnar grain has and its stability. In polycrystalline material (that 

is assumed to have an isottopic surface energy) a three grain junction with 3 angles of 1200 

has no net force on it. If the angles are different from this, the grain boundaries are curved 

and boundary motion occurs. If one assumes a stack of colwrmar grains like the hexagonal 

pencils shown end-on in figure VI.18a then there is no net force on the grain boundaries. 

However, if one of the grains has less than six sides, the situation is different. The five

sided grain will be consumed by the adjacent grains. The force balance between 
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boundaries a, b, and c is such that a net force exists on boundaries a and b to move them 

into the pentagonal grain (fig. VI.l8b ). This. is a grain growth type phenomena that could 

account for some of the break up if some of the columnar grains have less than six lateral 

sides. By itself the equiaxed structure that would be produced from this mechanisms 

would have a grain size twice the columnar grain width. It is experimentally observed that 

the equiaxed grain size is comparable to the columnar grain width. The driving force is in 

the same direction as break-up by "Rayleigh-type" instability described above, so they can 

act together. 

Both of these mechanisms can reconfigure the columnar grains with only atomic 

motion across the boundaries. However, relief of the reaction stresses would require long 

range diffusion, (i.e. creep). At this time it is not known how grain boundary motion · 

would relieve stress, but only that the boundaries will move to help accommodate the 

stress. This is related to Le Chatelier's principle: if a system is displaced from equilibrium 

through application of a force, it will then move in the direction that will reduce that force 

(Devereux, 1983). But as mentioned previously fine grains can respond to a stress more 

quickly than columnar grains. 

VI.B. Conclusions 

Microstructural observation of Nb3Sn as it forms in a bronze-processed wire 

reveals that nucleation of new grains stops early in the layer growth process and that 

columnar grains form early. Observations of the columnar grains as the layer grows show 

that they break up to form equiaxed grains. Several phenomena that could account for this 

grain reconfiguration were investigated. Even though the specific mechanism remains 

unclear, two processes, polygonization and recrystallization, have been excluded due to the 

rarity of intragranular dislocations in the Nb3Sn. Two probable driving forces for 

columnar grain reconfiguration are reduction of surface energy and/or strain energy. The 
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instability of the columnar grain structure in a strained environment seems the most 

probable mechanism. 



VII. Overall Summary 

The objective of this work was twofold: to shorten the heat treatment time of an 

internal tin wire while clarifying the factors that influence its critical current and to 

detcnnine the mechanism(s) controlling the Nb3Sn grain morphology in "bronze-type" 

processes. 

The long time multi-step heat treatment normally used to obtain a high critical 

current in this wire was shortened from -20 days to -6 days. The shorter heat treatments 

were achieved by obtaining a better understanding of the Cu-Sn phase formation during 

heat treatment which facilitated tin disttibution. The high critical current was retained by 

using two shoncr heat treatments, either a temperature ramp or a multi-step heat treatment 

with distinct temperature steps. Both heat treatments incorporate the low temperature to 

high temperature schedule which gives good critical cUJTeDt properties due to its influence 

on the Nb3SA miaostructure, stoichiometry, and state of atomic order. 

The facto~ that affect the critical CUJTeDt of any Nb3Sn multifllamentary wire were 

subdivided into two groups. Those which are extcmal to the Nb3Sn rllament (i.e. extrinsic 

factors) are the amount of Nb3Sn in the wire cross section and ruament diameter 

modulation along the length of the wire. To optimize the critical current of a wire the area 

fraction of Nb3Sn needs to be maximized while the mament modulation needs to be 

minimiz.c:d. The internal-tin-processed wire optimizes both of these factors compared to a 

bronze-processed wire. The other group consists of intrinsic factors, parameters. internal to 

the Nb3Sn fllament. The inttinsic factors are the composition and grain morphology of the 

Nb3Sn. A thermodynamic argument was presented which indicated that the tin 

composition in the Nb3Sn produced in the internal tin process is higher than that in a 

bronze processed wire. This alters the structure and the high magnetic field characteristics, 

specifically the upper critical magnetic field. Most "bronze-type" processes produce a 
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Nb3Sn microstructure with three distinct grain morphologies: columnar, equiaxed, and 

coarse grained. The grain morphology of the inte:mal tin wire was superior to that 

produced in a bronze-processed wire due to the increased areal fraction of the equiaxed 

grain region. The combination of these factors, chiefly reduced fllament modulation and 

the increased amount of small equiaxed grains, produced a high critical current in the 

internal tin wire. However, the 10-15% higher overall Ic for the heat treatment that 

optimizes the intrinsic factors can be overshadowed by a 15-25% reduction in overall Ic 

due to poor control of extrinsic factors during fabrication (i.e. rllamcnt modulation). 

The increased amount of equiaxed grains of the intcmal tin wire led to the second 

objective: understanding the morphological development in "bronze-type" processes. The 

distinct Nb3Sn grain morphology of "bronze-type" processes described above bas been 

explained by two models. The coarse grained region is due to grain growth at high 

temperatUre according to both models. The dispute concems the formation of the columnar 

and equiaxed regions. One model attributes it to the tin supply in the bronze. Early in the 

heat treatment the tin supply in the bronze is high which produces a high tin concentration 

at the Nb-Nb3Sn growth interface, promoting the nucleation of new grains at the interface. 

Later in the reaction the tin supply in the bronze decreases, reducing the tin supply at the 

growth interface which promotes the growth of existing grains producing a columnar 

structure. The other model correlates the formation of the equiaxed region to the break up 

or reconfiguration of the columnar grains. The columnar grains form early in the layer 

formation and reconfigun: with subsequent layer growth. The Nb3Sn layer in the particular 

bronze-processed wire investigated was known to produce columnar and equiaxed region 

thus making it a good candidate in which to observe the morphology change with layer 

growth. TEM observations showed that the nucleation of new grains stopped early in the 

layer growth and that columnar grains reconfigured. Three mechanisms (recrystallization, 

polygoniz.ation of dislocation, and instability of columnar grains) that could be responsible 
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for the break-up were investigated. Two driving forces for reconfiguration are the 

reduction in grain boundary energy associated with the instability of a columnar structure 

and/or the reduction in strain energy due to the reaction stresses. These stresses were 

modeled using a plane strain clastic approach in an attempt to isolate one of the three as the 

controlling mechanism. Even though a specifiC mechanism was not dctcnnincd, two of the 

mechanisms, recrystallization and polygonization of dislocations, have been eliminated due 

to the absence of dislocations and low angle boundaries. The columnar grains must 

reconfigure to relieve the reaction stresses using a global argument, i.e. Le Chatelicr's 

principle. The microstructure will develop that can best relieve the stress. Since an 

equiaxcd structure has a faster stress response than a columnar grain structure, the 

microstructure goes in that direction. 
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Vlli. Future Directions 

Nb3Sn superconducting wire produced by the internal tin process was found to 

have a high critical current in comparison tD conventional bronze-processed wires because 

it has more uniform filaments and a superior Nb3Sn grain morphology. Both of these 

factors vary with details of wire processing and heat treatment and therefore warrant further 

study aimed at optimizing this class of Nb3Sn wire. 

( 1 ) Critical Current and Filament Modulation 

To better quantify the influence of filament modulation on Ic, an in-depth 

experimental study should be performed since any fllament modulation can reduce the 

maximum achievable Ic of a wire. The characterization effort should be accompanied by 

the development of a theoretical model of the effect of fllament modulation on the I-V 

characteristics (an~ by impUcation, critical current) of a superconducting wire. 

(2) Cu-Nb-Sn Equilibrium Ternary Phase Diagram 

To better understand bow the layer .morphology of the Nb3Sn that forms in 

"bronze-type" processes is affected by beat treatment a study of Nb-Sn phase formation 

from high tin Cu-Sn intcrmetallics such as £ and 11 is necessary. This requires exploration 

of the Cu-Nb-Sn ternary diagram for Cu-Sn and Nb-Sn alloys with compositions between 

15-50 at% Sn and 25-50 at% Sn, respectively. This investigation should focus on 

determining the equilibrium two-phase fields and the tie lines that might be followed in a 

diffusion couple between Nb and a bronze intcrmetallic phase. 

(3) Measurement of Reaction Stresses 

The Nb3Sn layer morphology was observed to undergo a columnar grain to 

equiaxed grain reconfiguration. The direct mcchanism(s) that produces this reconfiguration 
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is not known. However, it is believed to result from strain-induced grain boundary 

motion, with the stresses due to the formation of Nb3Sn driving the reaction. The bulk 

reaction stresses might be measurable experimentally using a planar diffusion couple of 

niobium coated with a thin layer of bronze. As the layer grows during heat treatment, 

stresses will develop, causing the couple to bow. The amount of deflection (or 

equivalently, change of curvature) can be measured at various stages of the reaction to 

estimate the stress by an in situ laser interferometry techniques. The biaxial stress state that 

develops in the Nb3Sn in a planar geometry will be proportional to 

~~XM 
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where E is the modulus of the Nb, tNb is the Nb substrate thickness, tAtS is the Nb3Sn 

layer thickness, o is the measured deflection, and R is the radius of a round Nb wafer or·' 

the reference length of a Nb foil. The Nb substrate is assumed to be much thicker than the 

Nb3Sn layer produced. The bronze is expected to contribute little to the bowing of the 

wafer. The initial deflection introduces with the ramp to 7000C will be recovered due to 

creep processes in the bronze since it is at about 0.8 of its melting point. 
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X.A. Appendix: Stress Model 

To determine the constants in these equations the initial and boundary conditions are 

used. The constants will fli'St be solved for the intrinsic stresses. At the end of this section 

the procedure to extend this analysis to thermal stress is discussed. The stress equations in 

each region (assuming different clastic constants in each region) are the following: 

Gr= KCt 
. . . . c2 . . 

Gr = K[Ct -7(1-2v)-(l-v)£o] 

ae=KCt ae' =- K'[Ct' + <;!' (1-2v')- (1-v)Eo] 

Using the boundary conditions 

r =a: u(a) • u'(a), ar(a) • ar'(a) 

From the displacements: (1) 

From the stresses: 
I I c I I I 

KCt·K[Ct -:ro-2v>-o-v>Eol a 

r = b: ar'(b>- o 

From the stresses: 
• t c I I t 

K [C1 - J (1-2v)- (1-v >£<>] =- 0 

. £i . . cl - b2 ,1-2v) + (1-v >£<> (3) 

Solving this system of three equations, (1), (2), and(3), for the constants C1. Ct'. and C2': 

76 



77 

Ct•t0(1-v)(1-2v)~)(1- S.)( , ~· I 2 . K'J 
1- (l-2v) r- 1 ~(l-2v>it 

C1 •fo(l-v) 1 + (l-2v) K 1- bi 
1
) , • 2 . K' . . ( . (K')( a2)~(· 1 J 

1- (l-2v )~- 1 ~(l-2v >it 

2=-Eoa(l-v . 2 K' C
. 2 'l 1 ) 

1- (l-2v')~- 1 ~(1-2v'>jt 

These simplify to the following values when the regions have the same elastic constants: 

fo ( a2) Ct • T(l-2v) 1- b! 

Using the elastic modulus for Nb and Nb3Sn, numbers can be assigned to each constant: 

E=- 100GPa E' • 165GPa 

v,. v' • 0.33 



Thermal Stresses 

To extend this model to thermal stresses that arise on cooling from the reaction 

temperature 973K (7000C) to 4.2K, the filament region should be subdivided into 

hexagonal cells. The boundary planes between each cell will be at half the distance 

between the Nb fllament centers. The outer hexagonal boundary should be approximated 

by a cylinder with a radius such that the bronze volume is conserved. This introduces a 

third cylindrical shell into the model. 1bis new shell for the bronze must be treated with an 

elastic-plastic model, since the bronze yields on cooling to liquid helium temperature 

(4.2K). 

The strains are now related to CL:1 T terms, where a is the linear coefficient of 

thermal expansion and ~ T is the temperature change the material undergoes. Each region 

has its own a; this is the origin of the thermal stresses. 
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X.B. Appendix: Upper Critical Field 

Using the variation in aitical cum:nt density with applied axial tensile strain the two 

factors, yield strength and thermal strains, can be isolated. To detcnnine the amount of 

compressive strain on the Nb3Sn due to differential thermal contraction uniaxial tension 

loads are applied during critical current measurements. The axial loading of the wire 

removes the compressive strain which increases the critical current. The bronze and 

internal tin processed wires behave similarly. The critical current density of a bronze

processed wire reaches a peak for an axial strain (Em) of -0.3. The critical current 

incn:ases by about 25% at 14T (Ekin, 1984). An internal tin wire similar to the one in this 

study- it bad noTa diffusion barrier- bad a critical current increase of 25% at 14T for a 

strain of 0.28 (Schwall, 1983). The absence of theTa diffusion barrier will impose a 

higher strain on the Nb)Sn in the wire studied by Schwall. Since the wire in this study has 

a Ta barrier that makes up about 15% of its cross section, the Nb3Sn will be in a lower 

strain state. Since the wire studied by Schwall and the one in this work are very similar, 

the yield strength of the bronze should be comparable. Therefore, the extrapolated upper 

critical field of the intc:mal tin wire should be larger than that in a bronze processed wire if 

differential thermal contraction alone decreases Ha•. 

From the above argument, the low Hc2 • is most likely not caused by strain 

differences between the two wires. However, porosity produced during these heat 

treatments could alter Hc2 due to strain localization. Also, the strain distribution in the 

fliament arrays of the two wires is different due to overall geometry differences. This 

could have a large effect. However, all things considered, the cubic-to-tetragonal 

structural transfonnation could be a major source for the Iicl• reduction. This suggests the 

Nb3Sn composition between the two wires is different 
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The naJTow composition range, 24.5-2Sat% Sn, of the Nb3Sn for which the 

tetragonal phase will fonn implies that a small change in the composition of the Nb3Sn 

could induce the transformation. The Nb3Sn in the internal tin wire should have a more 

stoichiometric composition than that produced in the bronze process from a diffusion 

couple argument. Two Nb-bronze diffusion couples with different tin concentrations in the 

bronze will produce Nb3Sn with a different tin concentration. This occurs since the 

diffusion paths of the two couples can not cross. The bronze with the higher tin 

concentration will follow a path which produces a Nb3Sn with a higher tin concentration 

than that followed by a low Sn concentration bronze .. Therefore, the internal tin process 

could have a higher tin concentration in the Nb3Sn. If this is the case more of the Nb3Sn in 

the internal tin wire undergoes the structural transformation when cooled to low 

temperature, resulting in a lower Ha. The low temperature (<40K) in situ x-ray diffraction 

experiment to observe this would be difficull To overcome this Hc2 • reduction, Ti has 

been added to suppress the structure transformation and increase Ha (Fliikiger, 198?). 

The high field Jc of intcmal tin wire was increased by the addition ofn (Hazelton, 1985). 
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XI. Figure Captions 

II. Background 

Fig. ll.l 

Fig. ll.2 

Fig. ll.3 

Fig. ll.4 

Fig. n.s 

Fig. ll.6 

Fig. Il.7 

Fig. Il.8 

Fig. II.9 

The critical surface for a superconducting material. Below this surface the 

sample is in the superconducting state. XBL 836-5778 

The magnetic properties of type n superconducting material. (a) In a weak 

magnetic fu:ld, less than Hct. the magnetic field is excluded from the sample 

except for a shallow region at the surface. (b) In an intermediate magnetic 

field, between Hct and Ha. the field penetrates the sample producing the 

vortex state. (c) In a high magnetic field, above Hc2. the field fully 

penetrates the sample. It is now in the normal state. (d) The magnitization 

of the sample (assuming a cylinder parallel to the field) vs. the applied 

magnetic fu:ld. 

A schematic of the vortices being pinned by metallurgical defects in a type n 
material. 

The Al5 crystal strucmre. 

Schematic (axial view) of three processes used to produce Nb3Sn in wire 

form: The standard bronz.e process {top), the external tin process (center), 

and the internal tin process (bottom). 

A scanning electron micrograph of a bronze-processed wire produced by 

the Airco Corporation. The sample has been deeply etched to better reveal 

the features. The etching solution was 50% nittic acid and 50% water. 

XBB 831-546A 

Cu-Sn binary alloy phase diagram from Hansen. 

Cu-Sn binary alloy phase diagram from ASM Metals Handbook vol. 8, 

p.299 

Nb-Sn binary alloy phase diagram (Charlesworth, 1970). XBL 833-5407 
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Fig. II.IO 

Fig. II.ll 

Fig. II.l2 

Fig. II.13 

Fig. II.l4 

Fig. Il.l.S 

Schematic of the Cu-Nb side of the Cu-Nb-Sn ternary alloy diagram at 

-7000C. 

Micrograph of an internal tin wire that has not been heat treated. The axial 

view of the wire (top) reveals the 61 subelements in the core, the Nb 

diffusion banier, and Cu stabilizer. At higher magnification (bottom), the 

compostie nature of the subelement is visible. In each subelement about 

1100 Nb rll.aments in a Cu matrix surround a Sn-lwt%Cu core. XBB 838-

7631 

Defmition of critical current density. 

Filament modulation in a bronze-processed wire due to reaction during 

fabrication anneals. XBB 870-10489 

Schematic of the critical current variation vs. the applied magnetic field. (a) 

A better composition or less strain increases Ha and increases Jc at high 

f~elds. A smaller grain size increases Ic at low fields. (b) Combined effect 

shifts the Jc-H curve out to higher values. 

Schematic of the Nb3Sn layer morphology: Columnar grains at the Nb 

interface, coarsened grains at the Cu-Sn bronze interface, and a fme layer of 

equiaxed grains inbetween. XBL 824-5549A 

IV. Experimental Procedure 

Fig. IV.l 

Fig. IV.2 

Scanning electron micrograph of an internal tin wire fabricated by IGC 

Corp. (a) The sample has been deeply etched to reveal the _Nb diffusion 

barrier and the 61 fll.amcnt bundles. (b) and (c) Higher magnification of the 

filament array and the partially reacted fllaments. XBB 841-650 

Scanning electron micrograph of the internal tin wire used to measure the 

critical current and critical current density. XBB 858-6103A 
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Fig. IV.3 

Fig. IV.4 

Fig. IV.5 

Fig. IV.6 

Fig. IV.7 

Fig. IV.8 

The bronze-processed wire fabricated by Hitachi Corp. The top optical 

micrograph shows one of the 31 bundles in the wire. The bundle contains 

331 filaments and bas a Nb diffusion .barrier. In the lower SEM 

micrograph, the sample has been etched to reveal the thin layer of Nb3Sn 

that fonned during fabrication. XBB SS8-6695A 

Rotation calibration chart for EM301. 

Rotation calibration chart for EM400. 

TEM micrograph of through the cenrcr plane of a fllament. Nb in the center 

with Nb3Sn layer on each side. XBB 867-5947 

Schematic ofTEM viewing plane for the sample of Fig. IV.6. 

Probes used to measure critical current. (a) The top probe is for low 

current measurements ( <25A) and the bottom probe is for high current 

measurements. (b) The sample mounting zone of the high cum:nt probe. 

Two samples can be measured per test. (c) The sample mounting zone of 

the low current probe. Five samples can be measured per test. XBC 870-

10492 

V. Internal Tin Process - IGC Wire 

Fig. V .1 Comparison of the current density at 4.2K vs. applied magnetic field in the 

internal tin wire (IGC) of this study and the bronze-processed wire (Airt:o) 

studied by Wu et al. (1983). 

Fig. V.2. 

Fig. V.3 

The average grain size as a function of heat treatment tempc:rarurc (measured 

near complete reaction of 1he Nb ). This work and that of Wu et al ( 1983) 

averaged over the equiaxed grain region. Data of Scanlan (i 975) and Shaw 

( 1976) are included for a comparison. 

Kramer plot to determine the extrapolated upper critical field, % •, of the 

internal tin wire (IGC) of this study and the bronze-processed wire (Airco) 
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Fig. V.4 

Fig. V.S 

Fig. V.6 

Fig. V.7 

Fig. V.8 

Fig. V.9 

Fig. V.IO 

investigated by Wu et al (1983). Hc2• for the internal-tin-processed wire 

and the bronze-processed wire are 18.9 and 20.7, respectively. 

Overall critical current density (lOT, 4.2K) of the internal tin wire vs heat 

treatment time for different treatment schedules. The open points are for 

heat treatment A+ 7000C and the solid points are for direct to the high 

temperature designated in the figure, 650, 700, or 7300C. 

SEM miaographs of the intemal tin wire at different stages of heat treattnent 

A shown in the figure. (ii) The intermetallic layers £ and 1'\ have formed. 

(b) The core is all £ phase. (c) A P or y core with Cu-Sn solid solution. 

XBB 844-2589 

Cu-Sn intermetallic, either P ory, in the internal tin core (top) and filament 

region (bottom) formed during heat treatment schedule A which was 

interrupted after 48h at S800C. A dichromate etchant was used to reveal the 

internal structure of the intermctallic. XB B 870-10487 

TEM micrograph of the Cu-Sn region between to Nb fllamcnts. The sample 

was given beat treatment A that was intenupted after 12h at S800C. (a) 

Low magnification of the Cu-Sn region between the m.aments. (b) High 

magnification of Cu-Sn phase in contact with a Nb-Sn phase. XBB 870-

10490 

SEM micrograph of a partially reacted filament for a wire that has received 

beat treatment I. The sample was etched to reveal the Nb3Sn. Note the 

large grains at the fllament periphery. XBB 858-6105 

Schematic of the Cu-Nb-Sn ternary diagram at -5800C. The existence of a 

two phase region from the Cu-Sn £ phase to Nb65n5 is proposed. 

SEM micrograph of a sample given heat treatment A. Porosity is visible 

through out the fllament may. XBB 870-10488 
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Fig. V.ll 

Fig. V.12 

Fig. V.13 

SEM micrograph of a wire (axial view) heat treated directly to 7000C for 

2d. XBB 840-7437 

SEM micrograph of a wire (longitudinal view) heat treated directly to 7QOOC 

for 2d. XBB 858-6101 

Overall Jc vs. total heat treatment time the sample received for the heat 

treatments of this study. XBL 858-3756 

VI. Bronze Process - Hitachi Wire 

Fig. VI.1 

Fig. VI.2 

Fig. VI.3 

Fig. VI.4 

Fig. VI.5 

Fig. VI.6 

Fig. VI.7 

Fig. VI.8 

The Nb3Sn layer thickness vs. log of heat treatment time at 7000C. 

TEM micrograph of the columnar grains at the Nb interface (bottom of 

figure) after 2hrs. at 7000C. XBB 872-1129 

TEM miaograph of the Nb-Nb3Sn interface (bottom of figure) after 2hrs. at 

7000C. Nucleation of new grains has ceased and only columnar grains are 

present. Even three grain junctions reveal no small grains. XBB 872-1127 

Schematic of the previous micrograph with the favorable nucleation sites 

noted. The sites are three grain juctions. 

TEM micrograph of the Nb3Sn layer after 7hrs. at 7000C. Columnar grains 

are present at the Nb interface. ~e columnar grains that formed during the 

2 hour stage (marked in figure) have reconfigured. XBB 867-.5951A 

A plot of the Nb3Sn grain width vs. the distance from the Nb interface for a 

heat treatment of 7000C for 7hrs. (grain width uncoiTCCt.cd for columnar or 

cquiaxcd grain shape). 

Dislocation accommodating crystallographic mismatch between grains. 

XB B 824-4086 

Bright field TE.'\4 of the Nb3Sn layer with one columnar grain in a zone axis 

orientation. The convergent beam diffraction pattern is from a 100 zone. 
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When it is properly oriented with the image, the columnar grain alings with 

the [210] direction. XBB 872-1278 

Fig. VI. 9 Schematic of the previous micrograph shows the orientation of the columnar 

grain relative to the Nb interface. 

Fig. VI.10 Bright field TEM of a Nb rllament reveals a homogeous distribution of 

dislocations. The SAD of the Nb fllament which contains several grains 

shows a [ 11 0] texture. The 110 spot along the fllament axis is split into two 

spots separated by -so. XBB 870-10486 

Fig. VI.l1 

Fig. VI.l2 

Fig. VI.13 

Fig. VI.l4 

Fig. VI.lS 

Fig. VI.l6 

Fig. VI.l7 

Fig. VI.l8 

X-ray diffraction scan for an axially oriented sample. A strong [ 11 0] 

texture is observed: 110 reflection strong, 200 and 211 absent. 

The geometry of the plane strain elastic model 

Graph of the stress state obtained in Nb3Sn during heat treatment if there is 

no stress relief and the Nb3Sn layer remains elastic. ~ • 12GPa, b = 3J,Lm) 

Plot of the stress state obtained by Pugh et a1 ( 1985) from a shrink fit 

model. 

No dislocations are visible the interior of grains, only arrays at grain 

boundaries. XBB 870-10491 

Crystallographic misorientation between a columnar grain and the adjacent 

equiaxed grains. Data was obtained from the sample of figure VI.8. The 

misorientation of the cqniaxed grains is relative to the columnar grain. 

The Gibbs-Thomson relation for the columnar grains that form in Nb3Sn. 

The number of lateral sides which the columnar grain has determines the 

direction of boundary motion. 
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ROTATION CALIBRATION 

Rotate image with respect to diffraction pattern with 
emulsion aide down. Camera length 575 mm. 

Magnification Rotation(degrees> Direction of Rotation 
3600 112.5 counter-clockwise 
4600 90.0 • 
6000 47.5 • 
8000 41.5 • 

10000 39.5 • 
13000 37.5 • 
17000 38.0 • 
22000 44.0 • 
28000 71.0 • 
36000 146.0 clockwise 
46000 145.5 • 
60000 148.0 • 
80000 156.0 • 

100000 162.5 • 
130000 ' 178.5 • 
170000 170.5 counter-clockwise 
220000 148.5 • 
280000 113.0 • 
360000 100.5 • 
410000 124.0 • 
480000 102.0 • 

For other camera lengths rotate the image additional 
degrees. 

Camera length 
210 
290 
400 
800 

1150 
1600 

Rotation(degrees> 
11.5 

4 . 0 
3.5 
7.5 

19.0 
37 . 5 

Fig. IV.5 

Direction of rotation 
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clockwise 
clockwise 
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Table 4. Critical current, overall J c , and Jc vs. heat treatment. 
All currents measured at lOT and 4.2K. 

Heat Amount Ic Overall Jc Jc of Nb.JSn 
Treatment Reacted* (Amperes) 

(X 10 2 A/mnJ) (X 103 Aim~) (%) 

NA 60 6.5 5.0 2.4 

NB 75 11.4 8.8 3.0 

I 85 13.0 10.0 2. 8 

NB + 7000C/1 day 100 21.6 16.6 3.9 

I + 7000C/1 day 100 21.9 16.9 4.0 

0.1 °C/min. + 700°C/1 day 100 21.2 16.3 3.8 

700°C/4 days 100 18.2 14.0 3.3 

* (Amount Reacted,%) = A15 X 100 
A15 + Nb 

-N 
VJ 
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