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1. Introduction

The development of NbTi superconductor for SSC application is being
guided by a task force with representatives from Brookhaven National
Laboratory, Fermi National Accelerator Laboratory, Lawrence Berkeley
Laboratory and the University of Wisconsin.

The goals of this development are to obtain a high current density, fine
filament material in order to achieve a commercially avallable product
capable of operating at the design fields with low magnetization effects.
This has developed into a comprehensive program which has yielded encouraging
results and has involved R&D on the basic metallurgical characteristics of
the production of the NbTi alloy, methods of processing the composite
material in order to achieve the necessary filament size and critical current
density and development of improved techniques for the measurement of short
sample characteristics and magnetization effects., This technical note
comprises a group of reports outlining the substantial progress in these

areas and the present status of the development program.



2, HBTL Alloy Development

2.1 Recent Improvements and Expectations for the Future

The great increases in current density (and associlated improvements in
wire piece length and yield) observed in the last two years have their origin
in improvements in the quality of the Nb-Ti alloy. A consistent view of the
need ‘for improvements in the chemical homogeneity of the alloy came about
following the degraded performance of the Nb 43 wtZ Ti 25 wt% Ta conductor1
developed in the 12 Tesla program by a University of Wisconsin - Magnet
Corporation of America — General Aromics team.2 This conductor sausaged
badly, had low Jc and broke up unexpectedly. These problems were traced to
the presence of large local compositional inhomogeneities (of order 10 - 12
wt%Z in the Ta and Ti content); concern about this led to a parallel investi-
gation of the standard binary alloy Nb 46.5 wtZ Ti, where essentially similar
variations were seen.

Informal discussions of these results with Bill McDonald and his group
at Teledyne Wah Chang took place during 1981, the work being published during
1983.3 For these and other reasons Wah Chang Instituted a major review of
their melting and fabrication procedures, the results of which were felt by
all purchasers of their alloy from about 1983 onwards. Many of the technical
details associated with the production technology of improved alloy remain
proprietary but the quality improvements of the product can be documented.

This progressive improvement in alloy quality has led to the marketing
of at least two grades of alloy, with another two grades being identifiable.
See Table 2.1-1. Some confusion exists about the exact meaning of these

grades, not least because research on the characterization and practical



effect of these grades is still in progress and improvements in the quality
of the alloy are still occurring. " Inhomogeneous” material is typical of the
material supplied up to about 1982. All of the material supplied for the
Fermilab Energy Doubler/Saver (ED/S) probably falls into this category.
However, the later material may have been less inhomogeneous than the
earlier., "Standard” material is the normal product as presently supplied.
“High Homogeneity" (HiHo)} alloy is 2 premium grade used for most of the
Wisconsin developments and for the SSC procurements since early 1984. 4
specially improved alloy ("High Homogeneity Squared” or HiHoz) has recently
been developed at Wah Chang and evaluation quantities were sent to Wisconsin
during May 1985.4

These developments on the part of Wah Chang and its user community have
been very rapid. They have been extremely productive for the quality of the
composite product, not only in the U.S. but alsc in Europe and Japan where
Wah Chang sells a lot of alloy. (The HERA developments by BBC use their
alloy.) However, this rapid progress has exceeded ocur present ability to
gecurately delineate the significant chemical differences between the differ-
ent grades, as well as our understanding of the significance of such chemical
differences for the supercon&ucting composite properties. Much of the needed
work is in progress; it is clear then that the following comments are subject
to revision in the light of later experiments,

A working definition of the difference between "Standard” and "HiHo"
alloy has been issued by‘Wah Chang. This uses flash x-radiography on 6"
diameter x 1/4" thick ingot slices cut from selected regions of the ingot
after forging from the melt (nominal 20" diameter) to the pre—extrusion sizen

(6" diameter). Freckling and tree rings are permitted in the "Standard”



material: the "HiHo" material must be freckle free.5 Spatial resolution of
the radiograph is of order 1 = 2 mm; the chemical resolution of the radio—
graph is imprecise but of order 2 - 10 wtZ%. Flash radiography thus detects
inhomogeneities on a rather macroscopic scale in an essentially gualitative
manner.

A quantitative characterization of examples of "Standard” and "HiHo"
material has been performed by the Wisconsin group, using the electron probe
of 6" slices.® Examples of the probe results are shown in Fig. 2.1-1. The
principal conclusion of this study was that the microscale inhomogeneity was
very similar in the two grades, except in regions of freckling. The local
composition V&riations are of order * 1 wt’Z for both grades, the overall
variations being of order * 2 wt%. The variations in the vicinity of
freckles (found only in the "Standard” grade) were of order 6 — 8 wtZ.

Preliminary analysis of "HiHoz" material suggests that the homogeneity
has indeed improved: the wavelength of the chemical composition variation
has lengthened by about a factor of 2 or 3. However, the absolute composi-
tion variation is about the same as in the "HiHo"™ material examined by
Wisconsin.

The introduction of two grades of alloy by Wah Chang and the small price
premium of the "HiHo"” grade has met with some objection by the wire fabrica-
tion community and there has been a lively discussion of the usefulness of
the "HiHo" grade. An evaluation of the critical current density performance
of conductors made from different grades is provided in Section 3. It is
clear, however, that the idea of the "High Homogeneity"” alloy has been vital
to the development of high Jc’ The advantages remaining to be drawn from
further improvements in chemical homogeneity still remain to be established;

the programs studying this are in place.
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Table 2.1-1, Alloy Grades of NbTL

Designation Vintage Chemical Characterization Comments
Inhomogeneous® Standard quality  Local and large scale varia- No longer
until about 1982 tions of order = 5 wti made
Standard®* Present Some freckling permitted: Present
local variations of order standard
t 2 wt¥, larger variation production
in freckles grade
High Homogeneity¥®* Present No freckling: local Present
{(HiHo) variations of order production
2wtk grade
Special High Present No freckling: local Experimental
Homogeneity® variations of order material
(HiHo?) 1 wt%

*# Informal designation
#% Wah Chang designation
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2.2 Hetallergical Characterization of "As—Received” NbLTi Rods

In one of the designs for the Superconducting Super Collider dipole
magnets tﬁe requirements for the superconducting wires (their filament size
and critical current densities) are significantly above the wires which are
currently available on the market. In order to achieve these goals, develop-
ment efforts are focused on a number of metallurgical aspects in fabrication
of NbTi wires such as compound formation at the NbBTi-Cu interface, heat
treatment schedule during fabrication, and homogeneity of the starting alloy.
Particularly the last property, the improved chemical homogeneity of NbIL in
recently fabricated alloy rods, is considered to be one of the iImportant
factors in the increased critical current density of recently produced NBTL
wires. However, mainly due to the single source for NbT1 rods, the homo-
geneity of the "as-received” rods is solely dependent on the supplier and the
manufacturers of NbTi wires have not attempted to develop a quality control
program for the "as~received” rods.

Since it appears that the homogeneity of the alloy rods is important in
achieving high valueé of Jc {> 2400 A/mm2 at 5 T) in fine filamentary
(<5um) wires, a group in the Metallurgy and Materials Science Division at BNL
has- developed a simple metallurgical technique to distinguish between highly
homogeneous and clearly inhomogeneous alloy rods. Similar work has also been
done at the University of Wisconsin. In order to do this, a number of NbTi
rods were received from the wire manufacturers. These samples are alloys
produced during the period of the last four years. The process developed is
to simply polish the surface of the rods as is done for a standard metal-

lographic observation and etch with a solution 50 Hy0, 30 HNO 4, 10 HF.



Standard optical microscopy is then used to observe the etched surface,

Since thils particular etching solution attacks Ti rich regions, various
features show up in the photographs depending on the degree of homogeneity of
an alloy rod.

In Figs. 2.2-2 and 2.2-3, an example of a NBTLi rod with high homogeneity
(2.2-2) and one which shows a considerable inhomogeneity (2.2-3) are shown.
In Fig. 2.2-2, the only inhomogeneity shown in the picture is very thin
regions of (a-T1i) at grain boundaries. This is a Ti rich phase which comes
out during the final annealing heat treatment given to the NbTL rods before
the wire manufacturers receive them, These small regions of the Ti rich area
are thought not to cause any problem in fabrication of high J, wires.
However, for the rod in Fig. 2.2-2, a considerable variation in contrast in
the photograph is observed. These variations are due to local variations in
the composition of the alloy. These local inhomogeneities originate in the
casting of the alloy (nominal 20" diameter) and are sometimes called
freckles. The regions are elongated as the rods are reduced in size, and an
example of the elongated local inhomogeneity is illustrated in Fig. 2.2-3(b).
Thus, it is shown here that if the uniformity of the starting alloy rods is
important for the production of wires with highly uniform superconducting
properties, the metallographic method is a simple means to examine the

“as—~recelved” rods for gross chemical inhomogeneity.
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2.3 Plans to Evaluate Sources of NbT1 Alloy

Until now all superconducting wire for SSC magnet fabrication has come
from one U. 8. Company, Teledyne Wah Change located in Albany, Oregon. This
is not so surprising since Wah Chang is by far the largest and most experi-
enced manufacturer of this alloy in the world. Furthermore, all studies of
heat treatment optimization and fine filament development work have relied on
use of the high homogeneity material from Wah Chang.

In spite of the fact that so far all of the alloy procurements have been
from one source, there must be an evaluation of others before the SS8C Project
can begin. Therefore, in the near future plans will be developed to evaluate
the performance of superconducting wire with alloy from other vendors., These

potential vendors may include:

The Furukawa Electric Co., Ltd.

Tokyo, Japan

Ws C. Heraeus GmbH

Hanau, West Germany

Kawecki-Berylco (Division of Cabot Corporation)
Reading, PA., U.S.A.
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3. Improvements in Current Deunsity Due to Heat Treastment
Prior to recent studies, the critical current density was regarded as
an essentially empirical property, the fabrication processes needed to
develop high current density being essentially arcane and sacret.l’2 The
availability of homogeneous material transformed the situation, since it
provided a reproducible source of raw material suitable for scientific
study.

In the two years that such material has been avallable, the basic qual-
itative features of the metallurgy of the system have been worked out.
Figure 3~1 shows the cross section of an optimized conductor of very high
current density; This Transmission Electron Microscope (TEM) cross section
shows the great complexity of the microstructure of an optimized conductor
and the very fine scale of these microstructures. The crucial features of
the microstructure are the elongated and somewhat curved ribbons which
appear generally light in cross section. They are separated by a distance
of about 20 mm. As may be seen from the inset in the top right-hand side of
the figure, this separation corresponds approximately to the equilibrium
fluxoid spacing in a field of about 5 T. The relationship of the TEM cross
section to the whole composite 1is also Indicated by the reference to the
inset at the top left in the figure. Understanding these crucial features
of the metallurgy of these composites has been decisive in developing the
improved fabrication procedures which are responsible for the large improve=
ments in Jc which have occurred in recent years.3’4’5

The base studies of the Wisconsin program to study heat tregtment opti-
mization have nearly all been done with a bundled and restacked 361 filament
composite designed to reproduce as many features of the full scale produc-

tion as possible. The principal feature not reproduced in this procedure is
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the extrusion process which is always applied in industrial practice. How-
ever, the University of Wisconsin procedure was very successful both in
increasing the critical current density and in developing a process which
was directly transferable. to the industrial scale. A major variable of thev
whole process is the number of heat treatments which can be applied during
the fabrication. Important subsidiary variables are the time, the temper—
ature and the spacing the heat treatments and these variables must be chosen
so as to optimize the critical current density as well as to be consistent
with an industrially feasible fabrication process.

These ideas were first put into industrial practice during 1984 with a
10~inch billet made from the first large scale heat of high homogeneity
material in a collaboration organized by Lawrence Berkeley Laboratory (LBL)
involving Wisconsin, Wah Chang and Intermagnetics General Corporation
(IGC).6 As a benchmark to show the benefits of the new processing tech-
niques developed at Wisconsin, half of the billet was processed according to
conventional practice. The Jc which resulted from this procedure wgs about
2250 A/mm? at 5 T. Using the new three-stage heat treatment, 2650 A/mm? was
obtained on the industrial scale and 2740 A/mm? was obtained in the small
lengths drawn in the Wisconsin laboratory. A fourth'heat treatment applied
at about the first coiling size for composite was successful in raising the
Jc to 2850 A/mm? (5 T) and 1220 A/mm? (8 T). These results are collected in
Table 3~1. Since the first billet, some ten further high homogeneity bil-
lets (both 10 inches and 12 inches in diameter) been produced for LBL,
Fermilab, BNL and TAC. The Jc values have varied from 2500 to 2700 A/mm?
depending on the final wire size. The yields have been excellent. Early
concerns about high Jc material being more brittle have proved groundless.
Piece lengths have, in fact, been considerably longer than in the earlier

material.
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Table 3=~1. Current Densities of the First HiHo Billet

Process Wire Size Jc Value (1071% qom)

5T 8T

Industrial Scale

Conventional 0.805 mm ’ 2280 A/mm?2 930 A/mm?
0.645 2365 1015

Three stage HT 0.805 2545 1030
0.645 2645 1070

Laboratory Scale

Three stage HT 0.511 2725 1140

Four stage HT 0.511 2850 1220
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The influence of alloy homogeneity on Jc has been only partially evalu~
ated at this time. Inhomogeneous material has been shown not to respond well

3,4,7 For example, a three stage heat treatment

to multiple heat treatments.
applied to inhomogeneous material vielded Jc (5 T) of 2100 A/mm? and Jc &1
of 760 A/mm?, whereas identical processing applied to a high homogeneity
composite yielded 2590 (5 T) and 1060 A/mm? (8 T), respectively.? The fila-
ment pack of the Inhomogeneous composite sausaged, producing an optimization
at a lower final drawing strain than is the case for high homogeneity compos—
ites.8

The practical effect of the differences between the "Standard”™ and
“HiHo" grades 1s still an open gquestion, Experiments with 1983 vintage exam-
ples of these materials were Inconclusive, there being little difference
between the twa.g However, the Jc values developed with a three stage heat
treatment were all less than 2400 A/mm? and the likelihood is that the later
alloy has been of better quality. Wah Chang has since made g new set of
carefully controlled alloys of “Standard”, "HiHo" and "HiHo?" quality and
composites fabricated from these materials are now in process.

An important part of the whole development effort has been the rapid
disgemination of results to the U. §. industrial-national lab community.
Three workshops have been held, the first of these being in July 1983 at
Wisconsin, the second in July 1984 at Wisconsin, the third in January 1985 at
Lawrence Berkeley Laboratory and a fourth workshop in July 1985 at Wisconsin.

This workshop format has yielded very rapid industrialization of the research
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laboratory results. An excellent example of this ie¢ provided by the need to
obtain high Jc in filaments less than 5 ym in diameter. This need only
became apparent during late 1984 and was first discussed before the community
at the January 1985 workshop. Jc values greater than about 2600 A/mm? in 4
micron filaments and less were demonstrated very quickly by several graups.lg

Within the space of less than four months after the January workshop the
basic features of the formation of intermetallic compounds at the filament
matrix interface gnd the relative importance of the extrusion in the in~-
process heat treatments lnvolved in producing this intermetallic were

sketched cmt.m’12

A prototype conductor using the diffusion barriers pro-
duced by Supercon had achieved a Jc exceeding 2900 A/mn? in 3 micron fila-
ments within about tﬁe game time frame. These developments are discussed in
more detall in Section 5.

An overview of ;he progress achileved in the last two years is shown in
Fig. 3-2. Compared to JC values of 1800 to 2000 A/mm? in the conductors
supplied for the Fermilab Energy Doubler/Saver, the first ten production
conductors of high homogeneity materials have averaéed about 2600 A/mm?., The
best values of J¢ obtained so far in any conductor of Nb 46.5 wtZ Ti have
been obtained in experimental conductors produced at Wisconsin. These Jc
values are 3300 A/mm? (5 T) and 1290 (8 T). These values compare very favor—
ably to values of 3450 A/mm? (5 T) and 1000 A/mm? (8 T) obtained in the best

Nb 50 wt% conductor by the Baoji Group .13 Further increases in Jc are fore-

seen as the work currently in progress comes to fruition.
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4, Status of Superconductor Procurements

4,1 Introduction

In this section are described the results of superconductor procurements
for SSC dipole model magnets. Most results will pertain to LBL procurements
for the LBL-BNL collaboration; however, where appropriate reference will be
made to material purchased by Fermilab and TAC. Also, most of the results to
be presented will relate to the conventional SSC conductors, i.e., with fila-
ment sizes in the range of 15-25 um. Some information on fine filament NbTL
material, such as quantities and delivery schedules, will be presented here;

fine filament NbTL R&D will be described in Section 5.

4,2 Conventional Conductor Procurements for Model Magpet Fabrication

The "New Era” for high critical current density NbTi was initiated in
1982 with the report by the Baoji group of a J = 3900 A/mm2 at 5T.
(Using a more sensitive criterion for J, Wisconsin and BNL confirmed a
value of about 3450 A/mmz.) This announcement stimulated a new interest in
binary NbT1 alloys in the U.S., in particular at the University of Wisconsin.
This group made an extenslve analysis of conductors being produced in the
U.S. and found (1) the composition of the NbTi alloy was quite inhomogeneous,
and (2) this lack of homogeneity prevented these alloys from responding ef~—
fectively to the multiple heat treatments used by the Baojl group.

After a series of discussions with the NbTi alloy manufacturer (Teledyne
Wah Chang), a collaborative experiment aimed at testing the ideas from the
University of Wisconsin was begun in August, 1983. In this experiment a
10-inch billet (Billet 5183) was ordered by LBL. A special lot of high homo-
geneity alloy was purchased from Wah Chang and provided to IGC for pro-

cessing. After extrusion, the material was divided into two lots -~ one for
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processing by IGC using their standard commercial process and the other held
until Wisconsin could complete a Jo -~ optimization study and suggest an
alternate treatment. As seen in Table 4.2-1, Billet 5183 processed by con-
ventional techniques produced an improved Jea (about 2300 A/mm? compared
with about 2000 A/mm2 for the best Fermilab Energy Doubler/Saver and BNL

CBA material.) This result was verified on two additional billets procured
by LBL and processed by IGC while the University of Wisconsin staff were
completing optimization studies. (See Billets 5198~1 and 5198-~2 in Table
4,2-1). Wisconsin recommended a new processing schedule and IGC processed
the remainder of Billet 5183 (designated 5183~2) with this schedule. As seen
in Table 4.2-1, fhe J. values improved significantly (from 2365 A/mm2 to
2645 A/mm2 for the .025" diameter strand). Based on these results, LBL
ordered two additional billets (5210~1 and ~2) and Fermilab ordered five
billets (5209-1 through 5) from IGC in July, 1984. This material was deliv-
ered in January, 1985; the J, values in all cases exceeded the specifi-
cation value of 2400 A/mmz. The only problem encountered was a switch of
extruded rod labels at RMI, the extrusion subcontractor; as a result IGC
processed the billets with the University of Wisconsin heat treat schedule,
but not at the specified wire sizes.

The final order for material for Design D dipoles was placed in
November, 1985, after compeﬁitive bidding won by IGC. IGC delivered 820 1bs
(Inner) and 830 1bs (Outer) in April, 1985 (see Table 4.2-2); the J_ {(5T)
values are 2509 A/mm2 for Inner and 2719 A/mm2 for OQuter layer material.
With the exception of Billet 5210-2, all Outer layer material processed with

the new heat treatment (3 x 40 hr at 375°C) has a significantly higher J.
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than Inner layer material. The Fermilab material (Billets 5209-1 through

5209-5) is equivalent to Outer layer material and also is comsistent with

this observation.

A possible explanation for this behavior is that the

additional cold working after extrusion in the case of the Outer layer

material is beneficial in improving the JC; if true, this result suggests

that it may be possible to get somewhat higher JC values in fine filament

conductors which would also contain more cold working.

Another favorable result from these procurements has been the pilece

lengths compared with Fermilab ED/S experience. A histogram of S5SC

experience is shown in Fig. 4.2-1. The longer plece length greatly

facilitates cabling and alse simplifies testing and quality control.

There now exists a substantial data base from these production-—size

billets (15 billets for a total weight of approximately 5000 1bs, including

the Fermilab billets), and several conclusions can be drawn:

(1

(2)

(3

The interim SSC specification value for J_, (5T) of 2400
A/mm2 can be met in industrial scale production,
Subsequent procurements can be made with a minimum
acceptable value of 2400 A./mm2 and an incentive payment
formula for performance above 2400 A/mn?,

The specification of high homogeneity NbTi appears to
reduce the spread in Je values (although a more stringent
test of this hypothesis will come when more than one
manufacturer is in production).

The use of high homogeneity NbTi has resulted in extremely

long piece lengths.
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Table

by 21

CHARACTERISTICS AND PERFORMANCE OF WIRE PROCURED FOR 85C

Billet Intermediate Final
Designation Strand Jc Value Heat Heat
{Cu/SC Ratio Diameter ~1h%n, Treatment Treatment

10 Qem
5T 8T

5183 = 1 .0318" 2280 930 16C 1GC
(Cu/SC = 1,36/1)  .0250" 2365 1015

5198 - 1 .0318" 2238 885 16C 1GC
(Cu/SC = 1.35/1)

5198 - 2 .0250 2273 880 16C 1GC
(Cu/8C = 2.,05/1)

5183 - 2 ,0318" 2545 1030 U. of Wisc. 260°C

.0250" 2645 1070 (3 x 40 hr

(Cu/SC - 1.36/1) at 375°C)

5210 - 1 .0318" 2505 1034 * 260°C
(Cu/SC = 1.25/1)

5210 - 2 .0255" 2435 1070 * 260°C
(Cu/SC = 1.80/1)

5212 -3 .0255" 2719 1146 U. of Wisc. 260°C
(Cu/SC = 1.77:1

5212 -1 .0318" 2509 1083 U.of Wisc. 260°C
{(Cu/SC = 1,28:1)

* U, Wisc. heat trestment with slight variation.



Table 4,2-2,
STATUS REPORT ON SSC SUPERCONDUCTOR INVENTORY AND PROCUREMENTS FOR DESIGN D MODELS

Designatiun Helght Strand Length Cable Length Status Comments
(LBS) (FT) and Designation
Billet 5210-1 426 160,617 4160 FT (XT12-2317) Used in SLN-008,009,011 Strand Jc (57) = 2505 A/mmz
(Inner Cable)
2200 FT (XT14-2317) Used in SLN-010,011
Billet 5212-1  Approx. Approx., ~ Approx, Strand Complete Strand Jc {57) = 2509 A/mm2
(Inner Cable) 420 160,000 7,000 FY 4-15-85.
On hold at LBL awaiting
firm schedule for addi-
tional model magnets.
b
5
Billet 8212-2 Approx. Approx. 3,200 FT (X720-2317) Used in SLN-010.
(Inner Cable) 420 160,000
2400 FT (SC301) Used in €6,7,8,9
" 1200 FY
Billet XXXX Approx. Approx. Approx. In process at Supercon. MHaterial ordered by TAC. Conducior
{(Inner Cable) 200 80,000 3,500 Fi held at 1.0" diameter. could be used in Design D magnetls,
but actual use has not been
determined at this time.
1020 FT Inner | 3550 FT Inner
Key: 4.5 m Design "D Dipole Requires ‘ 16.6 m Design "D" Dipole Requires

1260 FT Outer 4420 Outer



Table 4,2-2 {continued)

STATUS REPORT ON SSC SUPERCONDUCTOR INVENTORY AND PROCUREMENTS FOR DESICN D MODELS

Designation Weight Strand Length Cable Length Status Comments
(LBS) (FT) and Designation
Billet 5210-2 Approx. Approx. 4400 FT (XT13-3012) Used in SNL-008,009,010,011 Strand Jc (57) = 2435 A/mmz _
{Outer Cable) 426 241,145 ’
1000 FY (SC #293) Used in €2,3.4
1200 FT (SC #295) 367 FT sent to FNAL.
Used in models.
Billet 5212-3  Approx. Approx. 2656 FT (XT15-3012) Used in SLN-010,011 Strand Jc {57) = 2719 A/mm2
(Outer Cable) 800 452,854 2656 FT (XT19-3012)
2650 FT (XT21-3012)
1200 FT (SC302) ;
b3
Approx. Strand Complete 4-15-85. 7
4,600 FT Remainder held as strand at
LBL awalting firm schedule
for additional model magnets.
Biilet 5209-4 Approx. Approx. Approx., On hold at IGC at Fermi order.
5209-58 1305 739,000 24,000 FT 460" diameter.
(Outer Cable)
Billet 5209-5A Approx. Approx. Approx. On holﬁ at 16C as Fermi Order.
5209-18 650 350,000 11,687 FT .0255" diameter strand Strand J¢ = 2500-2700 A/mm?
(Outer Cable) at final size.
200 1bs Used by BNL on July run at NEEW
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4,3 Fine Filament Conductor Procurementz for Model Magnet Fabrication

Figures 5.4=12 and 5.4~13 in Section 5.4 show transéerse sections of the
conventional SSC Inner and Outer superconductor. The pictures in the lower
right are scanning electron micrographs of filaments extracted from the com—
posites. The particles imbedded in the surface of the filaments are brittle
intermetallic compounds formed during extrusion and intermediate heat treat-
ments., (See Section 3). As these micrographs indicate, this compound forma-
tion does not seriously affect the performéﬁce of filaments in this size
range (15=25 um). However, these particles do not co-reduce and hence seri-
ously degrade the filament integrity and J, when these wires are drawn to
fine diameters {(Section 5). Therefore, if one desires fine filaments, the
composite must be designed and processed with this in mind.

Several billets have been designed to yield fine filaments and are cur-
rently being processed. In addition to developing processes for fabricating
fine filament NBT1 and providing an economic analysis of the process, both
IGC and Supercon are each providing enough fine filament material for a
16 .6~m model SSC magnet (see Table 4.3-3). IGC will provide material with
2,5 ym diam. filaments in the appropriate wire sizes; the yield should be
sufficient for one 16.6~m model to be bullt at BNL and several l-m models to
be built at LBL. Supercon will provide 400 1bs of material which can be
processed to ,0318" diam. wire (8 um filaments) or .0l10" diam. wire (2.7 m
filaments) for use in an Inner layer 2-level cable; both options presently
are being evaluated. In Phase II, Supercon will prepare 400 1bs of Outer
layer material with 4,000 filaments (6 m filament size at final wire size)

or 2 uym filaments in an Outer layer 2-level cable.
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Again, Phase I and II material will be sufficient for one 16,6-m dipole and
geveral l-m dipoles. The billets being prepared at LBL for hydrostatic extrusion
will provide material for several additional l-m model dipoles.

Recently, BNL issued an order to Oxford Superconducting Technology (0ST) for
enough material with a 5 ym filament size to build one additional 16.6~m model
(see Table 4.3-3). Thus, material presently being procured will provide for the
construction of three 16.6~-m dipoles and at least six l-m dipoles. From the
standpoint of cable availability, dipcle magnet construction could start as early

as January, 1986.



NbTi Superconductor R&D and Procurements for
SSC Reference Design D Dipole Magnets

Project Conductor Billet Size & Final Wire Size & Preliminary Expected Expected
. Phase Description Cu:SC Ratio Filament Size Results (J_.@ 5T)| Quantity Delivery
Intermagnetics General Corporation, Waterbury, CT.
Internal single extrusion 3.5" dia. billet| 0.011" wire 2835 A/mm? - Completed
R&D of 1953 filaments 1.4:1 4.3 ym filaments
with diff. barrier
Phase 1 double extrusion 6" dia. billet 0.0255" wire 2450 A/mm? 100 1bs. Aug. 1985
of 7 x 858 filamentsg| 1.8:1 5 pym filaments
with diff. barrier
Phase 11 double extrusion 10" dia. billet 0.0318" wire - 400 1bs. Dec. 1985
of 19 x 2400 £11. 1.3:1 2.5 ym filaments for inner
with diff. barrier colls
double extrusion 10" dia. billet 0.0255" wire - 400 1bs. Dec. 1985
of 19 x 1260 £i1. 1.8:1 2.5 ym filaments for outer
with diff, barrier colls
Supercon Inc., Shrewsbury, MA
Internal gingle extrusion 2  dia. billet 0,002 wire 2950 A/mm? - Completed
R&D of 127 filaments 0.75:1 3 ym filaments :
with diff. barrier
Phase 1 gingle extrusion 127 dia. billet 0.0318" wire 2950 A/mm? 400 1bs. Nov. 1985
of 4400 filaments 1.3:1 8 ym filaments or {0.013" wire) for inner
with diff. barrier 0.010" wire coils
2.7 ym filaments
in cable-of—cables
Phage II single extrusion 12" dia, billet 0.0255" - 400 1bs, Nov. 1985
of 4200 filaments 1.8:1 6 ym filaments or for outer
with diff. barrier 0.009" wire coils

2 ym filaments
in cable-of ~cables




Table 4.3-3 (continued}

NbT1 Superconductor R&D and Procurements for
$5C Reference Design D Dipole Magnets

{continued)

Project Conductor Billet Size & Final Wire Size & Preliminary Ezpected Expected
Phase Description Cu:SC Ratio Filament Size Regults (JC@S T){ Quantity Delivery
Lawrence Berkeley Laboratory
hydrostat, extrude 6.5" dia. billet] 0.0318" wire - 200 1bs. Hov. 1985
19 x 2000 filaments | 1.3:1 2.7 pm f£ilament for ilaner
w/o diff. barrier colls
hydrostat. extrude 6.5" dia, billet] 0.0255" wire - 200 1bs. Nov, 1985
19 % 1000 £11. 1.8:1 2,7 ym filaments for outer
w/o diff. barrier coils
hydrostat. extrude 6,5" dia. billet 0,0255" wire - 100 1bs. Nov. 1985
19 x 1000 fi1. 1.8:1 2.7 ym filaments for outer
with diff. barrier colils
Oxford Superconducting Technology, Carteret, N.J.
REQ for double extrusion 11" dia. billet 0,0318" wire - 340 1bs. Jan. 1986
completed of 55 % 211 f£11. 1.3:1 5 ym filaments for inner
cable with diff. barrier colls
double extrusion 11" dia. billet 0.0255" wire - 370 1bs. Jan, 1986
of 55 x 108 f£i1. 1.8:1 5 ym filaments for outer
with diff. barrier coils
Requirements for magnet construction
Inner Coils 1.3:1 0.0318" wire lm~long models: 13 1bs.
16,6 m~long
magnet g 220 1bs.
Outer Coils 1.8:1 0.,0255" wire 1 m-long modelss | 15 1bs,
16.6 m~long
magnets: 240 1bs,
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4.4 Development of a Specification for Reference Design D

Superconducting Wire and Cable

The attachment to this report 1s a copy of the latest specification for
superconducting wire for the Design D dipole. In some sense this is a universal
55C specification because it has been used also by the proponents of Reference
Design C magnets at TAC. It should be noted in that document that the specified
parameters are underlined; they may change with subsequent procurements.
Definitions and measurement techniques for each parameter are also given in
either the specification itself or its appendix. The specification for
superconducting wire has received the critical comments of members of the
Superconductor Working Group.

In the near future when there is more experience with the testing of Design
D magents and with fabrication of cable for them, a specification will be
prepared for the completed bare cable conductor. Appropriate parts of the wire
specification will be included in it. In the long range, procurements for 8SC
conductor will be for completed cable with the vendors responsible for all cable

mechanical and electrical properties.
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5, Fine Fillament RE&D

5.1 Introduction to the Associated Problems

Conventional production of WbTi superconductor consists of hot extrgsion
(at 500-600°C) of NbTi rods in a copper matrix. During this extrusion and the
prior heating of the billet, a layer of titanium-copper intermetallic com—
pound perhaps 1-2um thick can form arocund the filaments. This brittle inter-
metallic layer does not co-reduce and thus can become nearly equal to the
filament diameter at final wire size: this results in extensive filament
breakage and sometimes strand breakage. This problem can be eliminated by
enclosing the NbBTL rods at extrusion size in a barrier material, such as Nb
or Ta, which prevents the titanium—copper formatian,l This barrier need be
only be O.l to 0.2 mm thick, and will be reduced to an insignificant fraction
of the filament cross section at final filament size.

Another problem can arise from the introduction of foreign particles
during the billlet preparation operations. Any "dirt” consisting of micron
gize particles or any inclusions of this size in the NBTL rods or the copper
components can result in filament breakage at the final wire size. This type
of problem is insidiocus since processing may proceed successfully until the
final wire size is approached. Also, the size of inclusion which is toler-
able depends upon the desired filament gize, e.g., a one micron diameter
inclusion is acceptable for a 20 micron filament, but not for a 2 micron
filament. This problem can be eliminated by careful selection of raw
materials and by clean room practice in billet assembly.

When a large number of rods are stacked in a billet, as is necessary to

achieve fine filaments, a large void fraction is present and this can lead to



i L

nor-uniform reduction in the extrusion step. The filaments are necked down

locally and this also leads to filament breakage. This problem can be
eliminared by compacting the billet before extrusion.

When these potential problems are eliminated by proper processing and
gquality control, there is no metallurgical reason why a JC value of greater
than 2400 A/mm? cannot be achieved in filaments less than 2,0 ym in diameter.
In fact, the increased total reduction in area of the NbBTL filaments may mean
that it is possible to introduce more heat treat/cold work cycles and hence

raise the value of Jc'

1. P. Dubots et. al., Proc. ICEC 8, 505(1980).
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5.2 Studies of Intermetallic Formation on Fillaments

At BNL groups in the Metallurgy and Materials Science Division and the
Superconducting Materials R&D Section of the Magnet Division have collabor-
ated on a study of intermetallic formation on filaments.l Their studies
originated from a wish to understand the variations in performance of a
large nunber of superconducting wire samples produced for the CBA Project at
BNL. The basis for their study is given in Fig. 5.2~1 where about 250 wire
samples are shown with a histogram of JC (5T) values and a scatter plot of
Ic (5T} vs. quality factor, n. Detailed metallurgical analysis was then
done of wire samples with low Jc (= 1400 A/mm?) and those with higher values
(= 2200 A/mm?)., Scanning electron microscope (SEM) photos of these are
shown in Figures 5.2-2 and 5.2-3. The conclusions reached in this study
indicated that in low—JC wire there was evidence for necking or sausaging of
the filaments and the occurrence of numercus particles or nodules. Chemical
analysis of the particles showed the presence of Cu and Ti in the ratio of
4:1 with a small amount of Nb., It is believed, therefore, that the par-—
ticles are CuéTi compound produced during extrusion or major heat treat-
ments. The study also showed that drawing down the wires (or filaments) to
sizes where the harder particlés formed a large ffaction of the filament
diameter produced a sizable reduction in Jc from original values. Wires
without particle formation did not show this degradation.

Related studies have been done by the Applied Superconductivity Center
at the University of Wisconsinfﬂadison.z One recent experiment there used
an industrially extruded composite from Billet 5183 which has been used

extensively for studies of heat treatment optimization. (See Section 4.2.)
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Previous heat treatments had been based on filameﬁt sizes of about 20 um.
For this new experiment a similar heat treatment schedule was applied to
reduced wire sizes, of approximately 9-10 um. Whereas a larger number of
heat treatments improved the currvent density performance of wire with 20 um
filaments, an increase in the number of heat treatment steps for wire with
9~10 ym filaments produced much lower Jc values. The results ares summarized
in Table 5.2-1. These degraded J_ values are consistent with an increase in
filament sausaging brought about due to the formation of Cu-Ti intermetallic
compounds . Figures 3.2-4 through 5.2-6 illustrate through photomilcrographs
and SEM photos the cases of 20 ym filaments without sausaging and typical

9 ym filaments with this effect.

Results at Wisconsin show that intermetallic compound formation occurs
primarily during the extrusion process. However, another experiment was
done to look at intermetallic formation only from heat treatment. In this
experiment a laboratory billet was formed and reduced without extrusion.

The only subsequent heat treatments were for the purpose of optimizing JC.
Table 5.2-~2 summarizes the Jc performance for various composites with dif-
ferent filament diameters and heat treatments. The basic counclusion reached
in this experiment is that intermetallic compound formation cépabie of pro~
ducing saugaging in small filaments can be produced during the required heat
treatment steps, independent of hot extrusion. Photos also illustrating the

results are sghown in Figures 5.2-7 through 5.2-%. These counclusions show
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the importance of developing a reliable, cost—effective diffusion barrier

technology to prevent the intermetallic formation under any processing

conditions.

1.

M. Garber, M. Suenaga, W. B. Sampson and R. L. Sabatini, "Effect of

Cu, T1i Compound Formation on the Characteristics of NbTi Accelerator
Magnet Wire", to appear in IEEE Trans. on Nuclear Science, 1985,

D. C. Larbalestier, Li Chengren, W. Starch and P. J. Lee, "Limitation
of Critical Current Density by Intermetallic ?o;mation in Fine Filament

NbTi Superconductors”, to appear in IEEE Trans., on Nuclear Science,

1985.
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Table 5.2=1. Effect of nunber of heat treatments of 40 hrs/390 € on the JC of

an industrially extruded composite.

# of H.T. Fil. dia Jc (51) Jc (81)

um A/mm? A/mm?

9 2410 1050

10 2410 1020

9 2215 975

5 10 1965 810

9 1760 740

& 10 1865 680

g 1865 620

Table 5.2-2 Effeect of heat treatment time and number on the Jc of a laboratory

produced composite having no extrusion step.

Composite Filament Heat J(3T) J (81)
c c
treatment
um schedule A/rm? A/mm?
CB1210 21 65 x 10 hrs 2705 1145
CB1710 4,0 - 2640 1080
3.2 2265 995
CB1230 19 6 = 40 hrs 3190 1135
CB1730 5.3 1920 .
3.2 1320 510
CB1233 5.3 9 = 40 hrs 1590 1020
4.5 935 324

Note: all H.T. were at 373°C,
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: Fig. 5.2~2. SEM photos of two CBA wires
with a comparison 10 micron
scale. Top J, = 1400 A/mm?,
n = 19; bottom J. = 2200
A/mm2, n = 35
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I Fige. 5.2-3. SEM photos of the same two CBA
- wires as in Fig. 5.2-2 with a
comparison 10 micron scale.
Top J, = 1400 A/mm?, n = 19
bottom J, = 2200 A/mm?, n = 35,
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Fig. 5. 2‘6.

SEM micrograph of filaments
from cross section of Figs
5,2-5, The nodules are inter—

metallic.




Figg 5. 2-7

Cross section of badly sausaged
Billet CB1233 at 4.5 ym filament
diameter, Note the non-uniform
cross sections.  J_ (5T) = 1590
A/mm?, ‘




Figo 5-2“’80

SEM micrograph of filaments
from cross section of Fig,
542=7% The uneven filament
diameter and large nodules of
intermetallic are evident.




Fige 342=9  SEM micrograph of filaments
from Billet CB1710 at 4 um
filament diameter, Jc {5T) =

2640 A/mm?
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5.3 Summary of DOE-funded R&D

The potential problems of producing NbT1 wire with fine filsments and
the proposed‘solutions were discussed with the superconducting material
nanufacturers between December, 1983 and August, 1984, 1In September, 1984,
both IGC and Supercon responded to LBL with proposals to investigate the
production of high- JQ, fine filament NbTi. The deliverable items include
material with which JC can be optimized and also can be used to construct
Reference Design D model magnets. The final reports will include an eco-
nomic andlysis of the fabricatlon methods. Some details of these projects
are listed dn Table 4.3-3.

A practicgl problem to be solved in producing fine filament NbI1i for
the 8SC Design D configuration is to devise a method of stacking a large
number of elements to produce the end product. (See Fig. 5.3-10.) There
are at least three promising approaches.

| First, one can stack a large number of rods in a single billet, and
this is the approach being investigated by Supercon (see Table 4.3-3). To
date, they have stacked a 12-inch billet with approximately 4000 rods and
have completed the extrusion successfully.  Small amounts of this material
are being processed to .0318" diameter wire (8um filament size) and .010"
diameter wire (2.7 um filament size). A deécision on final configuration
will be made after results are complete on this optimization study and on
two-level cable experiments in progress. (See Section 6.3.) The second
phase of the Supercon study will consist of another 127 diameter billet with

a 1.8:1 Cu:8C ratio and & filament number yet to be specified.
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IGC proposed to investigate a double extrusion approach as well as a
large stack approach. LBL agreed to fund the double extrusion approach and
IGC elected to proceed in parallel with the single stack approach using
their internal funding. In the LBL-funded program, (see Table 4.3-3) IGC
has completed both Phase I extrusion (an initial 6" diameter billet with 7
NbTi rods and a second 6" billet Qith 7 x 858 NbTi filaments). Approx—
imately 100 1bs of this material was drawn to final wire size in August,
1985, and will be cabled in order to produce samples for Ic and magnet -~
ization measurements. IGC is proceeding with Phase II and has procured the
raw material for two 10~-inch first stage billets. Material from these bil-
lets will then be restacked to produce a 10~inch billet of Inner layer and a
10~inch billet of Outer layer material. This wire should be ready for
cabling in Deéember, 1985, 1If this phase is successful, there will be
enough cable for one 16.6~m model dipole and several 1-m models.

A promising altermative to the use of conventional hot extrusion with
diffusion barriers is cold hydrostatic extrusion. Production—size hydro-
static presses providing extrusion services are available in Europe {(but not
in the U,S5.), and the costs are competitive with convent ional extrusion.

The maximum billet diameter is 6.5", but billets to 62" long can be
extruded. (See Table 5.3-3 for complete list of parameters available at LDM
in Holland; similar services are available at National Standard in
Scotland.) Hence, one can process approximately the same weight of material
using hydrostatic extrusion as can be produced from a 10" diameter conven—
tional extrusion. However, the yield of useful material can be much higher
in the hydrostatic extrusion case because of reduced end losses. This fac~

tor is especially important in a double extrusion process.
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In order to evaluate, both technically and economically, the potential
of hydrostatic extrusion for producing fine filament NbTi, LBL personnel are
asgsembling three billets for hydrostatic extrusion (see Table 4.3-3). The
elements for stacking the first two blllets are being prepared #t LBL using a
bundle and draw approach. NbTi rods dre clad with Cu, then 19 of these rods
are loaded into another Cu tube, drawn and bundled to form the billet stack-
ing elements. The billets will be sent to National Standard for extrusion
and then returned to the U. S. where they will be drawn to wire. (See
schedule in Pig. 5.3-11.) An additional billet will be prepared using excess
first stage materisl from IGC (Phase I1); this will provide some material con~
taining diffusion barriers for comparison with the other two billets.

At the conclusion of this R&D phase in November, 1985, there will be a
data base on both cost and technical feasibility of various fine filament
options. This will allow the SSC management to evaluate the Ffine filament
option and to begin incorporating finme filament NBTI into the S58C long range

plan.



Table 5.3-3, Lists of parameters available
for hydrostatic extrusion at
at LDM in Holland.

LDM
DATA SHEET

-Hydrostatic extrusion press.

Type ASEA QEN 40
Press force 40  MN
-Container

Max, pressure 1400 MPa
Max, operating pressure 1300 MPa
Length 1600 mm

-Billet dimensions

Billet diameter é 160 mm or ¢ 80 min

Billet length 400 mm 850 mm
and £200 mum
Tube extrusion billet 790 mm e

Other billet dimensions on request

-Extrusion data
Extrusion ratios at room temp: 10 ¢ | up to 25 : |
at elev, temp: 40 @ | up to 600 1

Ram speed (16 steps) from 0,0014 to 0,023 /s,
Ram diameter ¢ 180 mm

Produkt diamerer masx, & 60.mm

Adiabatic temp. rise of nro-

duki ~<0,25% C/MibPa
Inch. extrusion die angle 40° up to VIO®
tnclh. bitlet cone angle Incl, extrusion die angle minus 6°-10°

Billet nose diam, Rod dism, minus | mm

Time for press adaptation - 30 minutes : to special tooling
fnert gas-protection r N2
Direct watercooling of product

Optional: coiling of produer © © 1000 to 1500 mm,

Mumber of extruslons/per hour depending on:

-number of extrusions per order
~warm- or cold extrusion.
~gpecific product experience
-Billet heating rate *C/min
~extrusion speed selection

-data collection

-special lubrication requirements
-product cooling rate

-sampling procedures

Billet Heating: Equipment

~-ASEA fully conirollable medium frequency billet-heater
-Dimension 1 6 170 length 2400 mm,
Electric data: 600 kW 470 Hz

-Smit Net frequency billet-heater (step-control}
Dimension ¢ 165 flength 1317 mm.
Electric data: 540 kW 50 Hz,

Rod drawing equipment

-Chain drawbench: 400 KN length 30 m,

Ranging from 48 mm, inlet dismeter down to 10 mm

-Vertical Bull Block: 180 KN  Drum diam, 2130 mm

Ranging from 33 mm inlet diam. down to 3,5 mm

-Horizontal full Block 45 KN Drum diam. 915 mm
Ranging from {5 mm inlet diam. down 1o 2 mm

=18



Number of filaments

10

10

10

=50

® 0.0318" diam strand:
1.3 : 1Cu : SC ratio

B 0.0255  diam strand;
1.8 : 1 Cu : SC ratio

| ! | |

4 6 8 10 12
Filament size (um)

Fig. 5.3-10 Number of filaments required
for SSC Reference Design D
Conductor.

14



TEIBTITY (%Y TLIYN
Tl JO UOTSNIlXe OTIBISoApAY
pue uotieiedsid zoj oInpayvs  [I-£°G 814

53~

3avo
JLVITIVAL
IHIM 0L MyHa

SN oL
S1378 dIHS

SL377N8 3aNy X3

HIANHLX3
0L S137714 dIHS

si3TNg aiamg 3
1371718 avo™l
SQ0Y 61 3ANNG
N2 HLIM 1LGN avD
1LGN 3YNI0Hd

ONIENL

NV L “ISON SNV
HIAddOI IHNI0YA

S137718 NOIS3a

AON 120  1d3S aNy e NNC AVIN Hd¥ "YW

S13TE 119N JO NOISNYLX3 1LV 1IS0HUAH

H34

ALIALLOV




.y -

5.4 Summary of Fine Filament Wire Performance From Several Manufacturers

In Section 5.3 the DOE~funded research being done by U.S. Super—
conductor manufacturers to fabricate conductor for SSC magnets was des-
cribed. Here will be a summary of recent results from that research and a
description in the context of wire with good electrical properties being
manufactured for SSC Reference Design D model magnet fabrication and con~
ductor for the HERA Project at DESY. Furthermore, conductors have been
provided for examination that were originally intended for other projects
and development tasks, or were completed using internal industrial R&D
funds.

Table 5.4~4 is a concise summary of many wire samples all measured
using facilities at BNL and the University of Wisconsin since about December
1984 with a consistent set of measuring criteria. All of the headings in
the table are defined in the current SSC wire specification and its accom
panying Appendix A. (See attachment to this report. Also see Section 7.).
The measured wire samples are separated into three general categories.
Photomicrographs of most samples described in the table are shown in Figures
5.4=12 through 5.4-20.

A. Production Wire for Magnet Model Fabrication

So far IGC fabricated five billets of superconductor to be used to
fabricate model magnets for SSC Reference Design D. Tests of wire samples
from these production lots are summarized. The design filament sizes for
inner and outer layer SSC wire were 23 and 18 um, respectively. It should
be noted there that the design value of Jc (5T) = 2400 A/mm? is exceeded in

evVery case.
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A sample of HERA wire manufactured by Vacuumschmelze (VAC) is also
listed. It is representative of one of the best samples of superconductor
wire manufactured for that project. A filament size in the conductor is
12 uym. A sample was sent to BNL for evaluation to show the capability of
VAC as a potential superconductor manufacturer.

B, Small Production for Special Purposes

Several interesting wire samples in this category have been tésted
at BNL during the past few months. The first listed by Brown Boveri Corp-
oration (BBC) had its origin in wire used to fabricate a small quantity
two~level~cable conductor for HERA cold iron model dipoles. The sample
using NbTi (Ta) alloy was manufactured in a small quantity for Fermilab to
see whether the ternary alloy would enhance the current density especially
at higher fields. Since the time it was ordered advances in wire fabri-
cation technology have produced better material. However, it did represent
a significant improvement over wire produced until about 1983 for the
Fermilab ED/S and BNL CBA Projects.

In about 1981 Airco (now Oxford Superconducting Techmology or O0ST)
produced a very interesting fine filament superconductor as a qualification
test for the Tore II Supra Project in France. Samples drawn to smaller wire
(or filament) sizes with recent heat treatment techniqués were provided to
BNL for evaluation in January 1985 and showed promising results especially
considering the date of manufacturing. These samples represent some of the
earliest produced to optimize performance under rapid cycling conditions.

The wire used a Nb barrier around the filaments and CuNi for interfilament
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spacing. Contamination of the alloy with Zr from grinding wheels used in a
centerless grinding operation likely led to filament breakage and the rapid
fall-off of Jc with reduction in filament size.

Cs  Special R&D for SsC

Since January 1985 four superconductor manufacturers have provided
sanples for evaluation of performance. Most of these have been produced
with fine filaments. Furukawa in an effort to assist with the 355C Project
provided small filament material drawn down from prototype wire intended for
use in superconducting generator development in Japan. It represented the
first sample measured at BNL with filament size of < 5 um and J_ (5T) > 2400
A/mn?,

Magnet Corporation of America (MCA) when challenged by the‘SSC fine
filament R&D undertoock internally funded research to produce the samples
listed. These are remarkable since they were produced using 8~inch diameter
billets used in standard production at MCA but with special attention to the
conditions of extrusion and heat treatment.

The more recent samples from IGC and Supercon show the best charac—
teristics of fine filament superconductor produced‘so far and result from
DOE~funded research described in Section 5.3.

The results in Table 5.4-4 represent a remarkable collection when
congidered in the context of possible future materials for the 5SC magnet
program. Approximately one year ago the state of the art for production
current density for NbTL superconductors was JC (5T) = 2400 A/mm? with 20

um filaments. This table describes samples with Jc ~ 3000 A/mm? and filament
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sizes as small as 3 microns. These results are further summarized in Figure
5. 4~21 where Jc at 5T and filament size are compared for the category C

samples.



Table %.4-4,

Electrical Properties of Superconducting VWire

FPabricated for S58C and HERA Model Magnets, Speclial Purposes and R&D

Wote: The iisted CusSC Ratie is the value used to calculate Jc,
but in others it {s felt that s measured value (M)} will give the most accurate determination of Jc.

In most cases & deaign value (D) is uased

Date Wire Dia. Fil. Dia. Cus8C Jeat 5T,8.280 u Jcat 87,4, 28] =» 3295 HRR
Manufacturer Comment s Recelved [{Inches)} {Microns) Ratio (A/mm?) at 3T {Afmn?) at BT {ufi/cm)
D-Design
M-Measured
As Production Wire for Model Magnet Fabrication
t. 16C For SSC Design DI 1/85 0,0318 23 1, 29-1 2505 - 1028 - - 140
faner wire {8illet 5210-1)
4/15/85 0,0318 23 1.3 ~D 2509 - 1077 o - 130
For S5C Design Dj 1/85 00,0255 18 1.8 <H 2435 - 1070 - - 138
outer wire (Billet 5210-2)
4/15/85 0.0255 18 1.8 D 2719 - 1147 - - 96
(Billet 5212-3)
2. VAC For HERA 1/9/85 60,0325 12 1.8 -b 2454 34 988 28 486 | 118




Table 5.4~4,

Electrical Properties of Superconducting Wire

{cont inued)
Date Wire Dia, | Fil. Dia, CuysSC J ot 5T, 4.2 n J at BT,4.2KF n B
¢ at 57 | © at BT 295
‘anufacturer Comment g Received [(Inchea) [(Microns) Ratio (A/am?) (M1 /em)
Small Production for Special Purposes
1, BBC Origin-ERA cold iron|l12/10/84 | 0,011 i1 1.0 -D 2518 3.3 1287 33.5 5600
dipole fabrication
7. 160 For Fermilab using 3/19/85 0,0319 13 1.5 D 2204 46.1 485 30.8 553
WHTL(Ta) alloy
08T Below:
Cu + CuNi:8C)
3. 08T For Tore I Supra 1/24/85 0.0358 5 2.7 -D 2411 17.6 843 21 509
{Alrco) qualification test; 0.0225 3 2.7 ~b 2235 10.8 - s 1302
manufactured In 1981 0.0179 2.5 2.7 -b 1563 545 - - 2119
drawn dowa for BNL 0,0142 2 2.7 -D 1086 4.5 e - 3357
0.0078 1.1 2.7 ~D 974 o5 - - 10902

RRR

32

119

94
88
83
63
61




Table 5,4~4;

Electrical Properties of Superconducting Wire

(cont inued)
5,
Date Wire Dia. | Pil. Dia. Cu:8C J at 5T,4.2K] u J at 8T,4.2K] =n R RRR
€ at 57| © at 81|, 293
Manufacturer Comment 8 Received | (Inches) | (Microns) Ratio (Afmm?) {(A/mm?) (u0f cm)
G. Speclal R&D for SSC

1. Furkukawa| Origin—superconductor}1/85 0,.0284 8.9 1. 65-D 2680 28.7 1011 21.1 701 32
generator R&D uaing 0.0160 5 1.65~D 2485 29.4 952 24,31 2164 28
NbS0 wt. ATi; 0,0088 2.7 1.65-D 2205 26,1 805 24,17 7384 24
drawn down for BNL
For BNL Magnecization3/29/85 0, 0089 2.8 1,09-D 2381 24,5 842 18.2{ 8501 25
studies

2, 16C Preliminary sample 4785 0.0115 4.3 1. 39-M 2835 3.5 1210 29,27 4321 72
for DOE funded R&D

3. MCA Standard MCA billet; (2/19/85 0.0304 25 0,98-D - - 940 38,2 712 116
specfal extrusion and 0,008 7 0.9 M 2695 39.8 1075 30.5] 11146 73
heat treatment for 0.0045 4 0.9 -M 2554 3.0 1002 25.21 34986 54
5S¢
For BNL magnetization|4/1/85 0,0045 4 1.1 -D 2497 31.2 994 25.0] 31800 76
studies

4, Supercon | Preliminary sample 5/85 0.00206 3 0. 75-M 2950 39.2 1200 33.1] 15943 52
for DOE-funded R&D

-.09.—
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Fig. 5.,4~12 Photomicrographs and SEM photo
of Design D inner cable and
wire referred to in Table 5.4-4
as item A.1. The cable cross

. section showing the thin

keystone edge has a magnifi-
cation of 75X, The 23 micron
filaments are shown at 750X and
the etched filaments are shown
against a 100 micron scale,
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Fige 5.4-13 Photomicrographs and SEM photo
of Design D outer cable and
wire referred to in Table 5.4~4
as item A.l. The cable cross
section showing the thin
keystone edge has a magnifica-
tion of 75X, The 18 micron
filaments are shown 750X and
the etched filaments are shown
against a 100 micron scale.,
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Fig. 5.4"15

Photomicrographs and SEM photo
of BBC wire referred to in
Table 5.4~4 as item B,l. The
overall wire and filament
region are shown with magnifi-
cations of 250X and 1000X. The
etched filaments are shown
against a 10 micron scale,
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Fige 5.4~16 Photomicrographs and SEM photo
of OST (Airco) wire referred to
in Table 5,4~4 ag itenm B.3. The
wire shown here has a diameter
of 0.0078 inches with 1.1 micron
filaments. The overall wire has
a magnification of 400X and the
filament regions 1000%X. The
etched filaments are shown
against a 10 micron scale.
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Fige 5,4-17 Photomicrographs and SEM photo
of Furukawa wire referred to in
Table 5.4~4 as item C.1. These
photos are of samples from long
lengths of 0.0089 inch diameter
wire with 2.9 micron filaments
fabricated for BNL magnetization
measurements. The overall wire
is shown with a magnification of
350X and the filament region at
1000X. The etched filaments are
shown against a 10 micron scale,
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- Figc 5.4"’19

Photomicrograph and SEM photos

of wire from MCA referred to in
Table 5,4~4 as item C.3. These
photos are of samples taken from
a long length of 0.,0045 inch dia-
meter wire with 4 micron filments
fabricated for BNL magnetization
measurements, The overall wire
is shown with a magnification of
750X, The etched filaments are
shown against 10 micron scales,.
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Recent Fine Filament Nbli Results

3000 -
A (0.002" diam)

&0 52800 | O (0.0115" diam)

:

N i

< 2600

g 0 (0.0045" diam)

= 2400 — SSC Provisional Specifications ——

! 8 P

< (0.0089" diam)

-

O 2200 |

S

=’ 2000 |- Manufacturer:
% A Supercon

S 1800 1 o IGC

~ O MCA

% 1600 - ® Furukawa

-

D)

100 F

O

B . |
= J. measurements confirmed by BNL
3 1200 | o L ‘

Wire diameter included in parentheses
1000 | | I ! !

o 2 4 & 8 10 12 4
Filament size (um)

Fig. 5.3=21
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5.5 Magnetization Measurements on Small Filament Wires

At injection the field quality of a cos8 type dipole is determined
by the magnetization currents present in the superconductor. A large number
of conductor samples have been measured to test the scalipg of magnetization
with current and filament size.l’z Of paramount -interest is the scaling with
filament size since there have been reports In the literature of conductor
with very small filaments whose magnetization was larger than expected. This
phenomenon was observed in some samples with fine filaments but only in cases
where the transport current 1s also relatively low. For conductors with the
same effective transport current the magnetization is directly proportionsgl to
filament size, |

This is {llustrated in Fig. 5.522 where conductors ranging in filament
size from 23 um to 2.8 um are shown. (The techniques for measuring magnet—
ization will be described in Section 7.4.) The larger filament conductors atre
characteristic of the cable now being used to fabricate $SC Design D nmagnets
while the smaller filament wires are developmental types representing the next
generation of SSC conductor. All of these conductors had an effective trans—
port current of approximately 2500 A/mm? before cabling. The reason that
usually high magnetization values are often observed in fine filament wires of
low current capability is due to the fact that magnetization is a bulk prop-
erty unaffected by filament breakage or necking, whereas transport current is
directly affected by such geometric defects. Thuska sample with severe
necking due to compound formation will have a much larger magnetization than
would be expected from the measured current., In fact, it is not the magnet—

izatlon that 1s high but the current that is low. It has been possible to
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demonstrate that magnetization measurement made as part of a short sample
test program can be used to forecast the injection fleld harmonics of magnets
before they are built.2 When the filament size is very small (< 5 um) the
magnetization curve will be asymmetric due to reversible effects (see
Fig.5.5-23) and this must be taken into account when calculating the effect
on the field distribution. Preliminary indications are that the degradation
produced by cabling and compaction do not correspondingly reduce the magnet-—
ization but only affect the transport current due to local necks produced at

the cable edges.

1. A, X, Ghosh, K. E. Robins and W. B. Sampson, "Magnetization Measurements
on Multifilamentary Nb,Sn and NbBTi Conductors”, IEEE Trans. on Nuclear

Science, May 21, 1985, p. 238,

2. A. XK. Ghosh, W. B. Sampson and P. Wanderer, "Magnetization, Critical
Current and Injection Field Harmonics in Superconducting Accelerator

Magnets”, IEEE Trans. on Nuclear Sclence, 1985,
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B Cable Fabrication

6.1. Introduction to Reference Design D Cable Fabrication.

At the commencement of the LBL-BNL collaboration on Design A dipoles,
both BNL and LBL had active programs for cable R&D and cable procurement.
In an effort to reduce duplication of effort within the c¢ollaboration, the
decision was made to assign to LBL primary responsibility for cable R&D.
The BNL team continues to provide support to this effort in the areas of
cable property measurements (both mechanical and electrical) and liaison
with New England BElectric Wire (NEEW). In addition, many of the quality
control and record maintenance systéms developed for the CBA project at BRL

are being adopted for use in SSC cable procurements.

6.2 Conventional Cable Fabrication

During this past year, the cable development effort has bean proceed-
ing along two paths — cabling experiments at LBL and process improvements at
NEEW. An experimental cabling machine has been built at LBL that can pro-
duce long continuous lengths of cable (up to about 5,000 ft. with the pre-
sent spool system) at production speedst(e.g., 12 fto/min.)s In addition,
the machine has several features not found on conventional machines, but
essential for developing the optimum cabling parameﬁers. These include
variable planetary motion for the supply spools, precise tension control for
the individual strands, capacity for 36 spools, and easy adjustment of cahble
twist piltch or cabling direction.

Several trial runs were made at NEEW between February and November,
1984. Many of the early trials were disappointing, especially for the
30-strand Outer cable. Many crossovers occurred and only about 450 ft. of

cable could be produced before crossovers recurred. In order to determine
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whether there was some practical limit on strand number with the
30-strand cable, a 36 strand cable was attempted at LBL and was suc~
cessful. Additional trials on the LBL experimental cabling machine showed
that two conditionsg contributed to crossovers - uneven tension from strand
to strand and aksmall mandrel diameter (0.250"). When these two conditions
were corrected at NEEW, the crossover problem disappeared. Additional prob-
lems were encountered and the solutions adopted are described Table 6.2-1.
After these changes were made, a total of approximately 8,000 of cable was
feet fabricated at NEEW and 12,000 feet of cable was made at LBL at speed of
a 10-12 ft./min. and a yield of over 95%. This speed is comparable to that
used at NEEW on ED/S and CBA cable and the recent yields are better than 95%
vé. about BOZ for the older projects. The increased yield is due (1) to
improved wire lengths and quality,; and (2) to improved cabling parameters
and techniques. At this time, ir is felt that the Design D cable can be
made for the same cost, or perhaps less, than the ED/S and CBA cable.
6.3, Cabling R&D

Currently, at LBL there is ilnvestigation of several new cables which
could have advantages for SSC dipoles. These inclu&e two 1evei cables,
internal wedge cables, and internal flat cables. The two~level cable is of
interest from the standpoint of fine filaments and increased cable flexi~
bility. For example, use can be made of the 4,000 filament material being
produced by Supercon as 2 ,0318" diameter strand with 8 um diameter fila-
ments, or the wire diameter can be reduced to .010" (filament diameter = 2,7
um), to fabricate a 7 element cable, and then fabricate a 23 strand cable
from these elements. At LBL, a mechanical model of this cable was produced

using surplus Isabelle strand material. The cabling was completed without
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problems and at a typical production line speed of 10 ft./min. As soon as
the new material is completed by Supercon, this experiment will be repeated
with'high-Jc strand material and electrical measurements will be made.

Use of an internal wedge in the SSC cables may produce a keystoned
cable without the IC degradation experienced in conventional cables (see
Section 7). Finally, internal flat cablesl offer the advantages of higher
effective modulus in compression and perhaps less chegradation. Short
lengths have been made at LBL and BNL; however, scale-up t§ production is
quite challenging. Several internal flat techniques are currently being
evaluated at LBL.

6.4 Sharing Cable Fabrication Techniques

On August 27 and 28, 1985, a workshop was held at LBL for the purpose
of transferring to interested industrial participants the techniques for
fabricating Design D cable. It is intended for the superconductor manufac—
turers to take responsibility for cable manufacturing so future purchases

can be for completed cable conductor with guaranteed performance and dimen-—

sions.

1. A.R. Borden and R.C. Wolgast, ASC Knoxville, 1982
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Table 6.2-1

PROBLEMS ENCOUNTERED IN PRODUCTION OF 58C CABLE AND SOLUTIONS ADOPTED

CAUSE

SOLUTION

COMMENTS

Periodic Crossovers of a}
Strands During Cabling

b)

Uneven Strand Tension

Mandrel Design

Recommend NEEW
Rebuild Cabling Machines

Developed New Mandrel
Design at LBL

After Changes, B000 FT of
Cable Made at NEEW and
12,000 FT of Cable Made at
LBL Without Crossovers.

Excessive Variability in a)
Cable Keystone Angle

b)
Difficulty Reported By c)

BNL in Winding Dipoles
From 30 Strand Cable

Worn Turksheads (T.4H.)
Variabllity in Turkshead
Assgembly

Cable Twist Pitch (T.P.)
Too Long

Used New BNL Turksheads
at NERW

Developed New Operating
Mode for Turkshead

Reduced Outer Cable
Twist Pitch From 2,9"

to 2.7" and Inner Cable
T.P, from 3.125" to 2.9"

All Cable Made After Changes
Have Keystone Angle Within Spec

Improved Cable Mechanical
Properties With Slight Change
In Metal Pensity (Approx.
0.5%). No Additional
Degradation In [c Due to
Tighter T.P.

Sharp Edge on Cable
Damaging Insulatlion

Turkshead Assembly Procedure

Tendency Greatly Reduced
With New T.H. Operating
Mode, Brushing Station
Incorporated in BNL
Cleaning Line

No Problem in Insulation for
4,5 m Dipoles
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7s Critical Current and Magnetization Measurements

7.1 Techniques for Measuring Strand Ic

The measurement of the eritical current of strand before cabling is
straight forward since there is no problem with sensitivity and the current
is relatively low (< 1000 amps). A four wire technique is used with the
voltage points situated far enocugh inside the current contacts to ensure that
no current transfer voltages are included in the V vs. I data. A small
superconducting solenoid with reasonable field homogeneity can be used for
the background field.

The critical current, IC, is usually defined as the current at which the
effective resistivity of the strand is equal to 107!* ohm-m for the total
wire cross section. Strands, particularly very fine ones, will often carry
current considerably in excess of IC, before quenching. The form of the
voltage vs. current relationship is used to determine Ic’ and the “"quality
index”, n, which is defined in Fig. 7.1-1. In practice, this measurement is
usually computerized and a typical result is shown in Fig. 7.1-2. If the
uniformity of the sample is in question additional‘voltage taps can be used
to segment the sample. The normal state resistance of the strand is measured
at room temperature and just above the transition temperature as part of the
standard test. These resistances are then used to compute the
copper-to—superconductor ratio (for comparison with specifications and etch
and welgh measurements) and the residual resistivity ratio (BRR). Details of
these techniques are included in Appendix A of the specification for SSC

superconducting wire attached to this report and in references 1 and 2.
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7:2 Techniques for measuring cable Ic

While the measurement of Ic for cables is in principle the same as for
wires there are a number of practical considerations which make it much more
diffigult. Sensitivity is a problem since it 1s not easy to get a long
section of cable in a uniform field. In addition, very high current {(~ 10ka)
power supplies are hard to filter adequately and the cables must be held
rigidly to prevent “"training” effects. The sensitivity question is addressed
by using a dipole magnet for the applled fleld. This provides a "gauge
length™ of 70 em or so which is sufficient when voltmeters of high
sensitivity are used. A robust clamping fixture prevents conductor motion
but full scale cables still quench at a current which 1s only slightly above
the 1071% ohmm level. A typlcal voltage-current curve for an SSC cable is
ghown in Fig. 7.3-4.

An advantage of using a dipole to provide the magnetic field is that the
critical current can be measured with the field both parallel and perpendic-
ular to the wide face of the cable. "Anisotropy” measurements are useful in
determining the optinmunm éarameters for cable pitch, compaction etc. The
reslistance measurements at room temperature and 10K provide the copper-~to-
superconductor ratio and the RRR for the cable. The use of small "spot”™
heaters on the cable make it possible to measure the velocity of propagation
of normal zones which can then be used in magnet protection analysis. The
details of the cable measurements are given in reference 3. When comparing

the results of critical current measurements with magnet performance it
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should be remembered that under ideal conditions a cable will carry current
in excess of Ic, and that the peak field and field orientation must be taken
into account., The quoted values of critical current are the "worst case”
values with the field perpendicular to the cable and no correction for tﬁe

"self field” effect.

1. M. Garber and W. Sampson, "Test Method for Normal State Resistance of

NbTi Superconducting Wire™, BNL Magnet Division Note 115-4.

2, M., Garber and W. Sampson, "Test Method for Short Sample Critical Current
Determination of Twisted Multifilamentary Superconducting Wire”, BNL

Magnet Division Note 116~4,

3. M. Garber and W, B. Sampson, "Critical Current Anisotropy in NbTi Cables

IEEE Trans. on Nuclear Science, 1985,
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7.3 Summarvy of Electrical Properties of Production Cabie

Table 7.3-1 provides a summary of the electrical characteristics of the
superconductor cable manufactured so far for S8C Reference Design D model
magnets at BNL. The results are plotted in Figures 7.3-3 through 7.3-7. The
measured properties of the cable exceed the required design value, some by a
considerable margin. Howeve;, there are two features which currently are
somewhat puzzling and willl require additional study. These features will be
summarized briefly here.

The superconductor cables for the inner layer coil (XT=-012 and
XT-014-2317HH) exhibit substantial training when not clamped with stresses
above 10,000 psi. It is suspected that this characteristic may be due to the
reduced amount of copper in the cable and the high critical currents. (The
Cu:SC Ratio is 1.3:1.) This training is unusual in comparison with other
similar conductors with higher copper ratios and similar critical currents
which are clamped not nearly as well and do not train. The cable sample
holders at BNL have recently been strengthened to enable measurement without
training. Also, the satisfactory training characteristics of the 1 m and
4.5 m long model Design D dipole magnets have reduced the concerns about the
operational stability of a magnet with this conductor.

The V-1 curve for the inner cable also exhibits somewhat anomalous
behavior. A comparison of typical inner and outer V-1 curves are given in
Figures 7.3-3 and 7.3-4. Note the increase in V at relatively small I com
pared with the normal appearing curve for the outer cable. This character—
istic also appears to be related to the reduced copper in the conductor but
the reasons for this type of performance are unclear at present in spite of

numerous follow—on tests.
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The outer conductor such as XT-013~3012HH performs in a classic manner under
electrical test. See Fig. 7.3~6. However, a surprise has developed there.
Cable XT-015-3012HH was produced at LBL with a mid-thickness of 0.4 mils over
the maximum tolerance. In order to preserve the field quality character—
istics of the magnets LBL was requested to reroll the cable. This rerolling
was done with completely satisfactory results from the mechanical standpoint.
However, the electrical results were disappointing. A size reduction during
reroll of 0.5 mils resulted in a large degradation (D) when measured the
customary way, but substantial reduction of Ic-parallel as shown by the value
of the anisotropy (A) in Table 7.3-1 and in the summary given in Fig.7.3-7.
This cable will not be used to fabricate model magnets. More work must be

done to understand the effects of mechanical shaping on the characteristics

of the Design D cable.
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Table 7 .3=1 Electrical Properties of Superconducting Cable
for S5C Reference Design D

Meas. ICLST,A.ZK n A D Rogs RRR Comments
at 5T
Date {amps) (Zy (Z)y {(uf/em)
INNER CABLE
Design Values - > 10453 - - 1< 15 - > 70
incl. estimated
in IC
XT-012-2317HH| 5/9/85 10600 i3 12 16,5 26 .8 69 manufactured
at NEEW
XT=-014 : 5/9/85 10500 11 125 17 26.8 76 manufactured
at LBL
XT-020 6/6/85 11120 19.7111.3 j13.5 27 .0 71 manufactured
at Lol
XT~022 8/15/85| 10450 10 | 4 17 27.0 - manufactured
at LBL
QUTER CABLE
Design Values - > 7202 - = {< 15 - > 70
incl. estimated
in Ic
XT-013-3012HHE 3/13/85 7480 34 4.3 114.5 28,2 81 manufactured
at NEEW
XT-015 5/17/85 8180 28 b7 15 28..4 72 manufactured
at LBL
5/29/85 7510 14 | -11 | 22 | 28.5 61 after re-
rolling; not
used for
magnet
fabrication
XT-019 : 6/6/85 8130 18.21 2.8 | 15.3] 27 .9 73 manufactured
at LBL
XT-021 6/26/85 8280 26,01 2.8 | 13.9] 28.1 68 manufactured
at LBL
Xr-023 8/22785 6980 15 11.5 2007 - - manufactured
at NEEW
XT~-025 10/29/85 7350 19 8 - 28,5 73 manufactured
at NEEW
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78 Technigues for Measuring Magnetization

The methods used to measure the magnetization of superconductors are
essentially the same as those used to measure the susceptibility of any
material. Basically, the effect of the presence of the conductor is compared
to a similar volume of vacuum under the same magnetic conditions. This is
normally done by placing a specimen of conductor in a sultably shaped pickup
coll and observing the effect on the integrated output of the coil. In prac~
tice, because of the veéy small signals iovolved two bucked pickup coils are
used which have been carefully matched to give no output when the applied
field is varied. A sample of conductor is then introduced into one of the
coils and its effect on the field in that coil is observed as the applied
field is swept through the cycle of interest.

In the case of cable samples, long, thin pickup coils which closely fit
the sample, give the best sensitivity. In order to include several transpo—
sition lengths of cable in the pickup coils, samples of approximately one~
half meter are used and a dipole is best suited for providing the energizing
field. This also allows any anisotropy in the magne%ization to be studied by
rotéting the conductor which is aligned axially in the magnet. Coupling
between filaments due to bridging or lack of twisting will show up as
enhanced magnetization. Similarly, coupling between strands can be stuéied
by varying the rate of change of field.

Figures 7.4=8 and 7.4~9 show schematically the measuring techniques and
the shape of the colls used in the magnetization apparatus. While the
absolute calibration of a magnetization apparatus can be complicated by

demagnetization factors and geometrical details, the compdrison of cable
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samples for relative magnetization is straightforward as long as care 1is
taken to'preserve the sample size and shape. For this reason developmental
conductors which are not vet avallable as cables are tested in the form of
“simulated cables”™. These are formed by assembling multiple lengths of
gtraight wire in an array which corresponds to the shape and volume of the

standard 30 ¢m long cable specimen.
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8. ©Cable Mechanical Meagurements -

8.1. Techniques for Measuring Keystone Angle and Mid-Thickness

A Keystone Angle Measurement:

A device has been developed at BNL to assist in the measurement of the
angle of keystoned cabie.l It measures the angle of an individual cable
cross section under a compressive load-(usually 2000 psi); various tensions
can be applied up to 100 1b. A picture of the device is given in Fig.
8.1~1.

The device relies on a measurement of the vertical position of an upper
plate which is pressed onto the cable with a hydraulic cylinder connected to
it by a pivot. Two LVDT's (Linear Variable Differentiasl Transformers) sense
the position of the plate and give a digital readout of the deviation from a
calibration standafd which is used previously to zero the LVDT's. The cable
is secured inside an accurately machined slot to maintain its dimensional
integrity. The device is capable of wmeasuring to thousandths of a degree,
although its reproducibility on an individual cable sample is probably a
factor of ten worse than this. This device 1s very satisfactory for measur-
ing cable keystone angles which must be known to tenths of a degree.

At the present time the cable keystone angle is measured for a sample
of each cable length manufactured. However, when the techniques for rolling
the cable are finally established, measurements with this frequency will
likely be unnecessaryv. Checks for reproducibility of keystone angle have
been made along an individual length of cable and variations are seen to be

of the order of a few hundredths of a degree.



—97=

B, Mid=Thickness Measurvements:

The basic techniques for measuring the cable mid-thickness have been in
use throughout the Fermilab ED/S Project and throughout the magnet develop-
ment phase of the CBA Project at BNL. The method relies on cutting a bare
cable sample into ten sections, each 5 inches long. These sections are then
placed with alternating keystone direction into a slot designed to match the
cable width, The stack height is then measured under a compressive load of
2000 psi.

The measurements are sometimes done using larger fixtures at BNL,
but also using a portable device with tooling accurately machined to match.
This portable device has been used at NEEW and. LBL during cable manufactur-

ing, The BNL fixture is pictured in Fig. 8.1-2.

8.2  Sommary of Mechanical Properties of Production Cable

Using the techniques developed for measuring the cable keystone angle
and mid-thickness described previously these methods were used to measure the
mechanical properties of cable produced for S88C Design D models. The result-
ing measurements are summarized in Tables 8.2-1 and 8.2-2. One may note
there the tendency for the cable width as measured to be slightly above the
design value. Currently this is a minor concern and will probably be rem~
edied with improvements to the measuring techniques for cable width.

The cable keystone angle is generally within the specified values in
spite of different techniques for grinding the Turkshead rollers used to
produce this shape. The cable mid~thickness is very important for moldingo

uniform sized field quality coils and several measurements of that parameter
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are shown. Measurements are made now of cable samples taken between individ-
ual coils as they are wound and molded to check on the uniformity of the
component cable. The outer cable XT-015-3012 HH was found to be substan—
tially oversized at receiving inspection. Subsequent rerolling corrected the
mechanical oversize condition. However, this rerolling adversely affected

the electrical characteristics of this cable as was described in Section 7.

Fermilab is developing an automatic method for measuring the cable keystone
angle and mid-thickness during production. Prototype devices have been built
at Fermilab and at BNL. TFermilab staff are now debugging both of these
pieces of apparatus and will evaluate their performance for a cable produc-
tion enviromment. It is possible that the mid-thickness measurements could

be used to control automatically the setting of the Turkshead rollers.

1. A. Bertsche, "Keystone Angle Measuring Devices”, Magnet Division Note

95-4, 1984,



Table 8.2-1, Mechanleal Properties of Tnner Supercounducting Cable

for S50 Reference Deslgn D

Note: All measurements here are without tension applied to the cable.

Measurement Mid-Thickness Widch Keystone Angle
Date (inches) {inches) (degrees) Comment s
Ianer Cable
(Piece Lenpth)
Design Values and - 0.0574 0, 366 1.6
Tolerances 0, 0005 0,001 £0.15
XT-012-23171H 2/8/85 0.0576 0,371 1.79 Receilving inspection
(880 Ft; 2/22/85 0.0575 0.373 1.75 Recheck
3363 Ft) 4/16/85 0,0573 0.370 1.77 Recheck
5/16/85 0.0574 - - Coil beginning SLN-I-005
5/16/85 0.0573 - - Coil end SLN-I-005
6/4/85 0.0574 - - Coll end SLN-I-010 ’g
i
XT-014 5/3/85 ' 0.0581% 0.372 1.65 Receiving inapection
{2200 ¥¢) 5/16/85 0.0583 0,370 .63 Coll end SLN-I-006
6/4/85 0.0584 - - Coil beginning SLN-1-008
6/4[85 0.0585 - - Coll beginning SLN-I-009
XT-020 6/4/85 0,0576 0,373 1.68 Recelving inspect ion
(3090 ¥r) 7/23/85 0,0580 0.371 1.69 Coil end SLN-I-011
7/29/85 0,0579 0,370 1,70 Coil end SLN-1-012
KT-022 ’8/6/85 0.0574 0.371 1.73 Recelving luspect ion




Note:

Table 8.2~Z.

~100-

for S5C Reference Design D

All measurements here are without tension appiied to the cable.

i
i

Yechanical properties of Outer Superconducting Cable

“feasurement 4id-Thickness Jidth Keystone Angle
Date {inches) (inches) (degrees) Comments
Outer Cable
(Piece Length)
Design Values and - 0.0459 0.383 1.2
Tolerances * 0.0005 * 0,001 = 0,15
XT-013-3012HE 2/22/85 0. 0464 0.388 1.35 Receiving inspection
(4953 Ft) 5/3/855 0.0462 0. 386 1.34 Coill end SLN~0-004
5/8/855 0.0463 0,385 1.34 Coil end SLN~0O-00S5
5/8/855 0.0463 0. 387 1. 36 Coil end SLN=0-006
5/10/85 0. 0464 0.387 1.36 Coil end SLN-0-007
XT=015 5/10/85 0.0467 0.388 1.32 Receiving inspection
(2656 Fr) 5/13/85 0.0468 - 1.30 Recheck
5/21/85 0.0456 0,387 1.30 Receiving lunspection
after reroll
XT-019 6/4/85 0.0458 0,388 1.43 Receiving inspection
(2656 Fr) 6/12/85 - 0.386 1.44 Recheck
7/23/85 0.0460 0.387 1.44 Coil end SLN-0-009
7/29/85 0. 0458 0,385 1. 44 Coil end SLN~0~010
7/29/85 0.0458 * 0.386 1.45 Coil end SLN-0-011
7/29/85 0.0461 0,386 1,44 Coil end SLN-0-012
{r-021 6/24/85 0. 0462 0.386 1.24 Receiving inspection
(2650 Fr) 7/10/83 0.0461 0.388 1.25 Recheck
7/23/85 0, 0462 0.388 1.28 Coil end SLN-0-013
7/23/85 0.0462 0.387 1.27 Coil end SLN=-0-014
XT-023 8/15/85 0.0458 0.381 1.08 Receiving inspection
XT~025 10/28/85 00,0458 0.389 1.01 Receiving inspection
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6/6/85
ATTACHMENT

SPECIFICATION FOR NbT1i SUPERCONDUCTOR WIRE FOR SSC DESIGN D DIPOLE MAGNETS

1. Technical Requirements

1.1 Conductor Type: The conductor shall be a composite of NbBTL

filaments in an oxygen-free copper matrix. The superconductor

composition shall be Nb 46,5 + 1,5 wt.Z Ti, and shall be high

homogeneity grade or equivalent,

1.2 Critical Current: The conductors shall have a critical current
greater than the values listed in Table I. These values refer
to a test temperature of 4,224 K and a critical current cri-
terion of p = 107!% ohm - m, based on the total wire cross
section area and with the applied magnetic field perpendicular

to the wire axis. The currents given in Table I and the

conditions defined above correspond to a current density in the

superconductor of 2400 A/mm? at 5 T and 953 A/mm? at 8T.

A possible incentive factor for improvement of the current
density performance above that specified is:
2% price increase for each current density increase

of 100 A/mm?(~ 4%Z)at 5T.

1.3 Filament Size: The vendor can choose a nominal filament size of

5 microns or less.

1.4 Copper—to-Superconductor Ratio: The copper-to-superconductor

area ratio is determined by first weighing a length of wire and
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then weighing the filaments after dissolving the copper matrix

in the same wire. The ratic is defined by the equation and

constants below; the required values and tolerances are given in

Table I.
Area of Copper = Density of Superconductor x | Total Weight -1
Area of Superconductor Density of Copper Welght of Superconductor

Density of Superconductor = 6.02 gm/cm3

Density of Copper = 8.95 gm/cm?

1‘5

Resistance dt Room and Transition Temperatures:
The resistance of the wire at room temperature (or mormal state

resistance) 1s usually expressed as R at 295K or R It is an

295°

important parameter for magnet construction and depends on the content

and purity of the copper. The resistance of the wire at transition
temperature, usually expressed as R at 1QK or R!G can also provide a
convenient independent check of the copper~to-superconductor ratio.
are described in Appendiz A

The procedures for measuring R and Rl

295 0

of this specification. The guldeline values for resistances and

tolerances are given in Table I.

| SUNS——
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1.6 Copper Residual Resistivity Ratio: The RRR for wire at final size,

equal to R,../

295 RIO’ is defined by the values of R295 and RlO given in

Table I. The target values for RRR as given there are greater than 80

for the inner layer wire and greater than 90 for the outer layer

wire.

Table I. Requirements for Inner and Outer Layer
Superconducting Wire

Requirement Value

Minimum Critical Current at 5T
Minimum Critical Current at 8T
Copper—to~Superconductor Ratioc
Wire Diameter

Guideline Value

R295 {(micro-ohms/cm)

Maximum RlO {(micro=-ohms/cm)

Inner Layer
535 A

212 A
(1.3 £ 0,1):1

0.0318 + 0.0001 in.

580 = 15

7.0

282 A

(1.8 =+ 0.1):1

0.0255 £ 0.0001 in.

800 = 15

9.0

1.7 Twist Pitch: The wire shall be twisted to produce a twist piltch of

1.0 *+ 0.1 twists per inch at the final wire size.

All wire shall be

twisted clockwise so that the filaments follow the same rotation as

a right~hand screw thread.

1.8 Final Anneal: The wire shall be annealed at 260°C for 3 hours

followed by a furnace cool,

This heat treatment will take place

after the final drawing and twisting and shall be performed in a

protective atmosphere so that the copper is not oxidized. Annealing
is required to prepare the wire for subsequent cabling,
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Surface Condition: The wire surface shall be free of all surface

defects, slivers, folds, laminations, dirt, or inclusions. No NbTi

filaments shall be visable.

Minimum Lengths: The minimum acceptable length at final wire size

shall be 2500 ft. This minimum length shall be determined after all

lead and end defects have been removed by cropping. These defects
include areas of distorted cross section due to wire point by swag—
ing, any foreign material attached as a temporary leader, or areas of

distorted filaments that occur at the start and end of an extrusion.

2. Seller's Quality Assurance, Inspection and Tests

2.1

Seller Responsibility: The seller shall establish a quality
assurance program that assures manufacture of a product that
complies with this specificaiton., The seller shall provide the
purchaser with seller's sampling plan and inspection schedule and a
description of the means whereby he wili maintain control over his
own and his subcontractor's fmanufacturing processes, inspection and
testing, handling and storage. Included shall be means for
identification of conforming material, serialized identification by
lot of finiéhed product , and procedures for the segaretation of
nonconforming material. The seller's record-keeping system shall be
such that traceability exists for all QC records and material used

in the conductor from the time raw materials are received by the
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seller until the final conductor is completed. In particular,
detailed records shall be maintained for billet extrusion con-~
ditions (time and temperature of pre-heat, extrusion temperature
and speed, post extrusion cooling if any, etc.) and wire annealing

conditions.

Test Witnessing: The purchaser reserves the right to witness
manufacturing steps, tests, and inspections established under

the seller’'s quality assurance program, and all other testing
performed at the seller's plant and his subcontractor's plants to
demonstrate compliaﬁce with this specification. Any information
of a proprietary nature nmust be identified in the seller's bid
response. The seller will not be required to disclose this pro-
pfietary information, but will be reéuired to show that adequate
records and quality controls are maintained in these proprietary

steps.

Sample Testing: The seller shall measufe the critical current for
samples from each continuocus length of wire at B = 5T and 8T, and
T = 4,224 K, 1f a temperature of 4.224 X is not pos—

sible, measurements may be made at another temperature and a con-
version constant must be supplied. The conversion constant must
be approved by the buyer. A 5—-foot sample of wire adjacent to
each length used by the seller for critical current measurements’

shall be sent to the buyer. These samples shall be identified by



2.4

3.0

~108-

billet number, spool number, original continuocus wire length, and
purchase order number. Samples will be checked by the buyer that
they conform to all aspects of the specification, both mechanical
and electrical. ASTM B~714~82 and Item 1.2 of this specification
will form the basic method and criteria for measurement of the
critical current of these samples. The techniques described in
Appendix A of this specification are consistent with the ASTM
procedures for determining the short sample critical current and
will be employed by the buyer to verify the measurements. In
addition, Appendix A describes the practical test methods to be
used for determining the wire normal state resistance and resist-

ance at transition temperature.

Certification: The seller must provide a written statement with
each wire shipment certifying that it meets all of the buyer's

specifications.

Spooling and Shipping: Wire shall be level-wound. Spools shall
be labeled with wire length, weight, billet number and purchase
order number. Spools shall be packaged so that neither spools

nor wire are damaged in shipment.
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VERIFICATION OF ELECTRICAL PROPERTIES OF SUPERCONDUCTING WIRE

A, Short Sample Test Method for Critical Current Determination of Twisted
Multifilamentary Wire.

1.

3.

General OCutline; Definiticn of Critical Current

The V-I curve is determined as a function of increasing
current until a sufficlent voltage necessary to define I is
obtained. This measurement is carried out in specifiled external
fields, 57 or 8T typical, applied normal to the wire axis, and
in a temperature bath of liguid helium at 4.224 X, For currents
less than the quench current the V-1 curve is reversible.

The critical current is defined as that at which the
resistance per unit length, R, is:

R = 1071%/(sD2/4) ohms/m

where D is the wire diameter in meters. The effective
resistivity of the wire is 107!* ohmem.

Sample Mounting

The sample wire 1s most conveniently mounted on a
cylindrical former so that it fits in a solenoid magnet (see
Section &4 bBelow)., A non~inductive (bifilar) form is advisable
in order to obtain adequate length, reduce inductive wvoltage
signals, and provide for ease of connection; see Fig. 1.
Monofilar mounts may be used if adequately sensitive signal
detectors are available; wvoltage taps are arranged as in Fig. 2
in this case., Means must be provided for constraint of
mechanical motion without interfering with cooclant contact, for
example, use of a G~10 or stainless steel former with grooved
location of wire and careful tensioning during mounting. Care
must be taken to ensure that a temperature gradient is not
introduced into the reglon of measurement {(gauge length).

Procedure (Ses Fig. 3)

The sample length (between voltage taps) should be » 25 cm.
This corresponds, typilcally, to a voltage drop of several micro-
volts, This is readily measured with the aid of a suitable
pre~amplifier or digital voltmeter. Equipment must be capable

of determining the effective resistivity to a precision of 10%.
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The amplifier signal should be recorded on 8 XY recorder
(or if desired in a digital memory device), The V=1 curve may
be taken either polnt-by-point (current constant for sach
measurement ) or continuously 1f induced signals due to ramping
are not too large or noilsy. Typically, current is supplied by a
gtable, well-filtered power supply. The current should be
neasured to an accuracy of = 0.3%. Use of a low resistance
normal metal shunt connected across the sample is feasible pro-
vided the resulting correction for sample is accurately known
(1% in Ic)‘ Electronic circultry for guench protection is pre~
ferable.

Frequently a quality index, n, is estimated using either
the equation V = coustant x I® or p = constant x I® .

&, Magnetic Field

The external field is most conveniently applied by means of
a superconducting solenoid. The field must be uniform over the
sample reference length to = 0.5%, The direction between fileld
and wire axis must be 90° % 6° everywhere. This range of angles
corresponds to a variation in I, of 0.5%.

5« Temperature Bath Correction

The specificarion temperature is 4.224 X, that of boiling
helium at standard atmospheric pressure., The bath temperature
must be recorded with the aid of appropriate thermomelry
(cryogenic thermometer or vapor pressure of bath) with an ac-
curacy of * 0.010 X(10 mwK). A deviation of 25 mK from 4,224 K
corrvesponds to an error in I of 1%, For larger temperature
excursions of the “linear T" type of correction should be
applied:

I,. T -T
In L. - Ty

where T, is the transition temperature at the specified magnetic
field. (T, = 6.9 K at 5T and 5.7 at 8T.) Ij is the current
measured at temperature T, and I, is the eritical current at
the specification temperature, T = 4,224 K :

B. Test Method for Normal State Resistance of NbTL Superconducting Wire
1 General Outline: Definition of Residual Resistance Ratio

This method covers the measureﬁeﬁt of electrical resistance
of NBTL multifilamentary composite wire which is used to make
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" high current superconducting cables. The composite matrix is

copper. The resistance per unit length is determined at room

' temperature (295 K) and just above the transition temperature

('I,‘.c ~ 9.5 K). These quantities are designated R,qg and RlO,

respectively, and are measured with an accuracy of 0.5%Z. The
ratio R295/R10 is defined to be the residual resistance ratio,

RRR.

R295 is determined chiefly by the copper matrix. For a
given wire diameter it provides a measure of the volume copper—
to~superconductor ratioc (Cu/SC) of the wire.

Rig is determined chiefly by the residugl resistance of the
copper matrix. The ratio RRR provides a measure of the elec~
rical purity of the copper matrix.

Apparatus Description

A four wire method is used to determine the resistance. The
wire sample is mounted on a probe which is also used for super-
conducting critical current measurements. It has leads which are
suitable for carrying ~ 600 A from room temperature into a
liquid helium bath, and potential leads for measuring the voltage
drop across a measured length of the test specimen. The probe
should be mounted so that the test specimen can conveniently be
ralsed and lowered through the level of a helium bath,

Voltage drops are measured with a digital voltmeter of 0.1 uV
resolution. It is helpful during the low temperature measurement
to use and ¥~-Y recorder simultaneously with the digital voltmeter,
with ¥ set to voltage and X to time (see Section &4 below).

Carrent in the range 0.1 to 1.0 A is provided by a well
regulated and filtered DC power supply. It is measured by a shunt
of 0.2%7 accuracy. :

In the room temperatureVmeasurement a thermocouple device of
0.1°C accuracy is used to determine the ambient temperature.

Sample Mounting

The test specimen is wound on a grooved former. The ends are
soldered to the copper terminations of the current leads over a
minimum length of 1. Voltage taps are soldered to the specimen
at a distance of at least 1", Voltage taps are soldered to the
specimen at a distance of at least 1" from each current lead
connection. It is advisable that these taps be in the form of
fixed pins so that the test length be constant throughout a series
of measurements. In order to assure an accuracy of 0.2% this
length should be 50 cm or more. The voltage leads should follow
the sample in a non—indictive fashion so as to minimize nolse
pickup. Alternatively, the sample may be wound non-inductively in
the former,
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Procedure

Room temperature measurements are made at currents which are
a compromise between the requirements of sensitivity and
negligible ohmic heating. A typical value is 0.5A. Voltage
readings are taken for forward and reversed current and averaged.

Low temperature measureéments are made In a helium dewar., The
probe 1is raised so that the lowest point in the specimen is a few
cent imeters above the liquid helium bath level while measuring
current is flowing. As the sample warms, the voltmeter reading
will go suddenly from zero to a finite value corresponding to its
normal state resistance. The latter is substantially independent
of temperature from the transition temperature, T., to 15 K, so
that the voltage remains constant long enough to be read and is
recorded. With a reasonably designed probe and former it may take
1 or 2 seconds for the specimen to go normal. The resistance will
remain in the residual resistance region several times longer than
this. When the %~Y recorder is used, a series of abrupt voltage
changes are recorded as the specimen is alternately raised and
lowered through the helium bath level. The height of these steps
ghould be reproducible.

Room Temperature Correction

Normally occﬁrring room temperature variations may produce
significant variations in the measured resistance. Designating

this resistance as Rm and the ambient temperature as Tm(°C), the

resistance at the reference temperature of 295 K is calculated as
follows:

Rogs = R /[1 + 0.0039 (T - 22)]

The effect of the NbTL is neglected for the purpose of this
correction,.

Copper—to~Superconductor Ratio

The copper—to-superconductor (Cu/SC) ratio 1s related to
R295. Therefore, an independent check can be made of this ratio
measured by & weighing technique and by measuring R . The range
of acceptable values of Rygs is determined by the Cu/SC ratio and
the wire diameter.



~113~

s VOLTAGE TAPS

i g CURRENT LEADS

jse—— BIFILAR — WOUND SAMPLE IN GROOVE

Vo Ve VW . V-

N

G—10 FORMER

MAGNETIC FIELD DIRECTION

FIG. | Non - inductive sample mounting arrangement

CURRENT
LEADS i =g— YO TAGE TAPS

(s

I Q" W

S

ﬁe g MONOFILAR SAMPLE

~a}———G-10 FORMER
\%—/ MAGNETIC FIELD DIRECTION

FIG. 2 Alternative sample mounting arrangement

CRASH CONTROL INPUT

'/VOLTAGE CONTROL INPUT

RAMP - - 5004 PREAMP/ |_| X =Y OR OTHER
GENERATOR POWER .bDvM 1 HARD COPIER
SUPPLY
QUENCH
DETECTOR
SAMPLE






