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The of NbTi for SSC ion is 

a task force with ives from Brookhaven National 

Fermi National Accelerator , Lawrence 

and the of Wisconsin. 

The of this are to obtain a current , fine 

filament material in order to achieve a available 

of 

This has 

at the 

into a 

fields with low magnetization effects. 

ive program which has 

results and has involved R&D on the basic met characteristics of 

the composite the ion of the NbTi , methods of process 

material in order to achieve the necessary filament size and critical current 

and of 

characteristics and 

for the measurement of short 

~06 ... ~~ization effects. This technical note 

a group of s out the substantial progress in these 

areas and the status of the program. 



Nb Ti 

The increases in current (and associated 

wire 

in 

and observed in the last two years have their 

of the Nb-Ti A consistent view of the 

need for in the chemical of the came about 

the of the Nb 43 wt% Ti 25 wt% Ta 

in the 12 Tesla program a of Wis cons in -

ration of America - General Atomics team. 2 This conductor 

• had low 

the presence of 

and broke up 

local 

These 

ional 

were traced to 

ies order 10 - 12 

wt% in the Ta and Ti content); concern about this led to a investi-

gation of the standard 

variations were seen. 3 

Nb 46.5 wt% Ti where essent similar 

Informal discussions of these results with Bill McDonald and his group 

Wah took 1981, the work at 

1983. 3 For these and other reasons Wah instituted a or review of 

their melt and fabrication 

all of their 

details associated with the 

but the 

of at least two of 

, the results of which were felt 

from about 1983 onwards. of the technical 

remain ion t 

in 

• with another two 

of 

can be documented. 

has led to the market 

identifiable. 

See Table 2.1-1. Some confusion exists about the exact of these 

, not least because research on the characterization and 
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effect of these is still in progress and in the 

are still " material is of the of the 

material up to about 1982. All of the material ied for the 

Fermilab Saver (ED ) falls into this 

However, the later material may have been less 

earlier. "Standard" material is the normal as 

than the 

) is a used for most of the 

Wisconsin and for the SSC procurements since 1984. A 

al (" or ) has 

been devel at Wah and evaluation were sent to Wisconsin 

1985. 4 

These 

been very 

on the part of Wah 

have been 

and its user 

ive for the 

have 

of the 

where 

Wah 

al 

, not 

sells a lot of 

in the U.S. but also in 

(The HERA 

progress has exceeded our 

and 

BBC use their 

abil to However~ this 

delineate the 

as well as our 

chemical differences between the differ-

ent of the s 

differences for the 

work is in progress; it is clear then that the fol 

to revision in the of later 

A definition of the difference between " 

al has been issued Wah This uses flash 

diameter x l " thick slices cut from selected 

of such chemical 

Much of the needed 

comments are ect 

and "HiHo" 

on 6" 

of the 

after from the melt 

(6" Freckl and tree 

20" 

are 

to the pre-extrusion size 

in the "Standard" 
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material; the material must be freckle free. 5 resolution of 

the is of order l - 2 mm; the chemical resolution of the radio-

but of order 2 - 10 wt%. Flash 

ies on a rather macros scale in an 

thus detects 

itative 

manner. 

A 

material has been 

of 6" slices. 6 

characterization of of " and " 

the Wisconsin group, us the electron 

of the results are shown in • 2.1-1. The 

conclusion of this 

very similar in the two 

was that the microscale 

in of 

for both 

was 

The local 

the overall composition variations are of order ± 1 

variations 

freckles (found 

has indeed 

has 

of order ± 2 wt%. The variations in the of 

in the "Standard" ) were of order 6 - 8 wt%. 

is of 

the 

material suggests that the 

of the chemical composition variation 

about a factor of 2 or 3. However, the absolute 

tion variation is about the same as in the "HiHo" material examined 

Wisconsin. 

The introduction of two of Wah and the small 

of the "HiHo" has met with some ection the wire fabrica-

ti on and there has been a discussion of the usefulness of 

the "HiHo" An evaluation of the critical current 

of conductors made from different 

clear, however, that the of the 

The to the 

further 

the 

of 

in chemical 

this are in 

is in Section 3. It is 

al has been vital 

to be drawn from 

still remain to be established; 
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Hawksworth, D.G. and D.C. Larbalestier, "Enhanced Values of 

and ernary ", Adv. 

in Nb-Ti 

~. 479 1980. 

2. This resulted in a 12 T, 5 m bore solenoid fabricated General Atomics 

3. West, A.W., Warnes, W.R., Moffat, D.Lq Larbalest:ier, D.C., " ion al 

in NbTi and its " , "IEEE Trans. on ics ..!!• 749 

(1 

4 These heats were fabricated P. M. 0 , Wah 

5 "Standards for Nb-Ti , Wah document, 1984 

6. P. J. Lee talk to 1985 Nb-Ti 
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Collider 

wires filament size 

above the wires which are 

current available on the market. In order to achieve these 

ment efforts are focused on a number of met in fabrication 

of NbTi wires such as 

treatment schedule 

formation at the NbTi-Cu interface, heat 

fabrication, and of the start 

Part the last 

fabricated 

, the chemical of NbTi in 

rods, is considered to be one of the 

factors in the increased critical current of Nb Ti 

wires. However, due to the source for NbTi rods, the homo-

of the "as-received" rods is 

manufacturers of NbTi wires have not att 

program for the '"as-received" rods. 

ed to 

on the 

a 

and the 

control 

Since it appears that the of the rods is in 

values of at 5 T) in fine 

( wires, a group in the and Materials Science Division at BNL 

has to dist between 

rods. Similar work has been 

done at the of Wisconsin. In order to do this, a number of NbTi 

rods were received from the wire manufacturers. These are 

the of the last four years. The process is 

to the surf ace of the rods as is done for a standard metal-

observation and etch with a solution 50 • 30 , 10 HF • 



Standard 

Since this 

ica.l 

icular et 

features show up in the 

an rod 
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is then used to observe the etched surface. 

solution attacks Ti rich , various 

on the of 

In • 2.2-2 and 2.2-3, an of a NbTi rod with 

(2.2-2) and one which shows a considerable 2. are shown. 

In 2. 2-2, the 

of ) at 

out dur the final 

shown in the 

boundaries. This is a Ti rich 

is very thin 

which comes 

heat treatment to the NbTi rods before 

of 

the wire manufacturers receive them. These small of the Ti rich area 

are not to cause any in fabrication of wires. 

However, for the rod in 2.2-2, a considerable variation in contrast in 

the 

the 

is observed. These variations are due to local variations in 

ion of the These local in the 

cast of the (nominal 20" diamet and are sometimes called 

freckles. The are ed as the rods are reduced in size, and an 

of the ed local y is illustrated in 2. 

Thus, it is shown here that if the uniformity of the start rods is 

ion of wires with uniform ant for the 

ies, the met method is a s means to examine the 

"as-received" rods for gross chemical 
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wire for SSC fabric.at has 

from one located in This 

so since is far 

enced manufacturer of this in the world. Furthermore, all studies of 

treatment 

use of the 

imizat and fine filament 

material from Wah 

e of the fact that so far all of the 

have 

from one source there must be an evaluation of others before the SSC ect 

can Therefore in the near future will be to evaluate 

the wire with other vendors These 

ial vendors may include: 

The Furukawa Electric Co., Ltd 

Heraeus 

Hamm iJest 

ion of Cabot 

PA. S 
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in Current: Due to Beat Treatment: 

Prior to recent studies, the critical current was 

the fabrication processes needed 

es sent arcane and secret. The 

erial transformed the situat since it 

a source of raw material suitable for scientific 

In the two years that such material has been available, the basic 

itat features of the of the em been out 

the cross section of an imized conductor of very 

current dens This Transmission Electron cross section 

of the microstructure an 

and the very fine scale of these microstructures. The crucial features of 

the 

ed somewhat curved 

in cross section. 

seen from the inset 

ion 

a field of about 5 T. The 

are separated 

to the 

of 

a distance 

side of 

cross 

sect to the whole composite is also indicated the reference to the 

these crucial features 

s 

of these has been decisive 

fabrication which are for the 

have occurred in recent years. ,5 

The base studies of the Wisconsin program to heat treatment i-

as 

have 

des 

all been done with a restacked filament 

as many features of the full scale 

feature 
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the extrusion process which is ied in industrial How-

ever, the Univers of Wisconsin was very successful both in 

the critical current and in 

was transferable to the industrial scale. A 

a process which 

or variable of the 

whole process is the number of heat treatments which can be 

the fabrication. subs variables are the time, the temper-

ature and the the heat treatments and these variables must be chosen 

so as to the critical current dens as well as to be consistent 

with an feasible fabrication process. 

These ideas were first into industrial 1984 with a 

10-inch billet made from the first scale heat of 

material in a collaboration Lawrence 

Wisconsin, Wah and General 

IGC •6 
As a benchmark to show the benefits of the new process tech-

devel at half of the billet was processed to 

conventional which resulted from this was about 

2250 at 5 T. the new heat treatment, 2650 was 

obtained on the industrial scale and 2740 was obtained in the small 

drawn in the Wisconsin A fourth heat treatment 

at about the first coi size for composite was successful in the 

J to 2850 
c 

(5 T) and 1220 (8 T). These results are collected in 

Table 3-1. Since the first billet, some ten further bil-

on the final wire size. The have been excellent. 

concerns about material more brittle have s. 

Piece have, in fact, been than in the earlier 

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

Wire Size 

0.805 mm 

0.645 

0.805 

0.645 

0.511 

0.511 

5 T 

2280 

2365 

2545 

2645 

2725 

2850 

Value ( 14 

8 T 

930 

1015 

1030 

1070 

1140 

1220 
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been 

treatments. 7 , a three age heat treatment 

material 

case for 

ica.l effect of the differences between the St 

is st 

erials were 

two 

were 

been 

However 

less 

er 

fabricated 

of 

results 

of andard" 

these materials are 

the first 

1984 at 

and a 

that the 

process. 

been 

set 

er 

at 
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results excellent is need 

obtain in filaments less than 5 µm in diameter. This need 

became and was first discussed before 

at the values er than about 2600 

filaments less were very 

the space of less than four months after the the 

features of the formation of intermetallic at the filament 

rix interface the relative of the extrusion the 

process heat treatments involved in this ermetallic were 

sketched conductor the diffusion barriers pro-

duced had achieved a J 2900 in 3 micron fila-
c 

ments the same time frame. These 

more detail in Section 

overview progress achieved the last years 

3-2 values of 1800 to in the 

Saver the first ten 

conductors of materials have about 2600 The 

best values obtained so far any conductor 

been obtained in conductors at Wiscons These 

are and 1290 These values compare favor-

5 and 8 obtained best 

i 
13 Further increases are fore-• 

seen as progress comes to 
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Status of Procurements 

In this section are described the results of s 

for SSC model Most results will to LBL s 

for the LBL-BNL collaboration; however, where reference will be 

made to material Fermilab and TAC. Also, most of the results to 

be will relate to the conventional SSC conductors, i.e •• with fila-

ment sizes in the range of 15-25 µm. Some information on fine filament NbTi 

material, such as ities and schedules, will be ed here; 

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

The "New Era" for critical current dens NbTi was initiated in 

1982 with the the i group of a "" 3900 at ST. 

a more sensitive criterion for • Wisconsin and BNL confirmed a 

value of about 3450 • ) This announcement stimulated a new interest in 

Nb Ti in the U.S., in icular at the Univers of Wisconsin. 

in the This group made an extensive 

U.S. and found 1) the co1m.m:>s1 

is of conductors 

ion of the NbTi 

and (2) this lack of 

feet to the mult heat treatments used 

After a series of discussions with the NbTi 

Wah • a collaborative aimed at test 

of Wisconsin was in • 1983. 

10-inch billet Billet 5183) was ordered LBL. A 

was from Wah and 

After extrusion, the material was divided 

from 

i group. 

manufacturer 

the ideas from 

In this 

lot of 

to IGC for pro-

into two lots - one 

ef-

the 

a 

homo-

for 
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process IGC us their standard commercial process and the other held 

until Wisconsin could a and suggest an 

alternate treatment. As seen in Table 4.2-1, Billet 5183 con-

ventional an 2300 

with about 2000 for the best Fermilab Saver and BNL 

CBA material. This result was verified on two additional billets 

LBL and IGC while the Univers of Wisconsin staff were 

ion studies. (See Billets 5198-1 and 5198-2 in Table 

4.2-1 • Wisconsin recommended a new schedule and IGC 

the remainder of Billet 5183 ( 5183-2) with this schedule. As seen 

in Table 4.2-1, the values (from 2365 to 

2645 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 5) from IGC in , 1984. This material was deliv-

ered in , 1985; the values in all cases exceeded the 

cation value of 2400 The encountered was a switch of 

extruded rod labels at RMI, the extrusion subcontractor; as a result IGC 

the billets with the of Wis heat treat schedule 

but not at the wire sizes. 

The final order for material for Des D was in 

November, 1985, after competitive won IGC. IGC delivered 820 lbs 

Inner and 830 lbs ( in 1985 (see Table 4.2-2 the ) 

values are 2509 for Inner and 2719 for Outer material. 

With the of Billet 5210-2, all Outer material processed with 

the new heat treatment (3 x 40 hr at 375° has a 
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than Inner material. The Fermilab material (Billets 5209-1 

5209-5 is to Outer 

this observation. A 

additional cold 

material and also is consistent with 

for this behavior is that the 

after extrusion in the case of the Outer 

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

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

conductors which would also contain more cold 

Another favorable result from these has been the 

with Fermilab S of SSC 

is shown in • 4.2-1. The 

facilitates cabl and also and 

There now exists a substantial data base from these 

billets (15 billets for a total of 5000 lbs, 

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

(1 The interim SSC ion value for ) of 2400 

can be met in industrial scale 

procurements can be made with a minimum 

value of 2400 and an incentive payment 

formula for above 2400 

2) The of 

in 

NbTi appears to 

reduce the values a more 

test of this will come when more than one 

manufacturer is in 

3) The use of NbTi has resulted in 
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Table • 2.-1 

CHARACTERISTICS AND PERFORMANCE OF WIRE PROCURED SSC 

Strand 
Diameter 

8" 

03 

• 0255" 

2280 

22 880 

2505 

2435 

2719 146 

2509 1083 

• heat treatment with 

Heat 
Treatment 

IGC 

IGC 

U. of Wisc 

U.of Wisc 

variation • 

Heat 
Treatment 

IGC 

IGC 
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. 4.2-1. of Wire Piece nroduced for SSC. 



5.4-12 and 5.4-13 in Section 5.4 show transverse sections of the 

conventional SSC Inner and Outer The in the lower 

are electron of filaments extracted from the com-

The 

intermetallic 

imbedded in the surface of the filaments are brittle 

formed 

ments. (See Section As these 

affect the tion does not 

range (15-25 However, these 

the filament 

extrusion and intermediate heat treat-

and 

indicate, this forma-

of filaments in this size 

do not co-reduce and hence seri­

when these wires are drawn to 

fine diameters (Section 5). Therefore, if one desires fine filaments, the 

composite must be and with this in mind. 

Several billets have been des to 

In addition to 

fine filaments and are cur­

processes for f abricat 

fine filament NbTi and an economic is of the process, both 

IGC and are each fine 

16 .6-m model SSC (see Table 4. IGC will 

material for a 

material with 

should be 2.5 µm diam. filaments in the wire sizes; the 

sufficient for one 16.6-m model to be built at BNL and several 1-m models to 

be built at LBL. will 

to .0318" diam. wire 

filaments for use in an Inner 

400 lbs of material which can be 

µm filaments) or .010" diam. wire (2.7 µm 

2-level cable; both ions 

are evaluated. In Phase II, will prepare 400 lbs of Outer 

material with 4,000 filaments (6 µm filament size at final wire size) 

or 2 µm filaments in an Outer 2-level cable. 
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I II will be sufficient one 

several The at LBL for 

material for several additional 1-m 

issued an order to 

material with a 5 µm filament size to build one additional 

Table material 

construction of three 16 6-m and at least six 

of 

986 

extrus 

.6-m model 

From the 

start as 



filaments 
diff barrier 

double extrusion 
of 7 x 
with diff 

Phase II I extrusion 
x fil. 

with diff. barrier 

double extrusion 
of x fil. 
with diff. barrier 

R&D 

I extrusion 

with diff barrier 

II 

dia 
4 1 

l 8: l 

10" 
3 1 

I 1 8:1 

dia. 
:1 

billet 

billet 

billet I 

• billet 

billet 

Final Wire Size 
Filament Size 

0.011" wire 
3 µm ilaments 

o. 0255 wire 
5 µm f 

0.03 wire 
5 µm filaments 

0.0255" wire 
5 um filaments 

0.002 wire 
3 µm filaments 

O. wire 
8 µm filament 
0.010" wire 

7 
in 

" 

2 

I 2835 

I 

I 
I 

I 

IIOO lbs. I . 

\ lbs. I Dec. 1985 

I I I 
I 

' 
lbs. I Dec 19ss I w 

0 

for outer 
I 

Nov. 



Nb'ri for 

Final 

I o. 0318" I - 1200 I 1985 
1 

barrier 

rude 5" dia. billet wire - I Nov 1985. 
l 8:1 filaments 

6 5" dia. billet 0.0255" wire lbs Nov 1985 
8:1 2.7 µm for outer 

coils 
I 
w 
I-' 
i 

I 
billet 8" wire I - I I Jan. 1986 

• 

I 
... 5 µm filaments 

cable I with diff. barrier 

I I 1 " dia. billet 02 - 1986 
1 8 1 5 11m filaments for outer 

net 1on 

1 

220 



The attachment to this is a copy of the latest for 

wire for the Des D In some sense this is a universal 

SSC because it has been used also the of Reference 

at TAC. It should be noted in that document that the 

are underlined may with procurements. 

Definitions and measurement for each are also in 

either the itself or its The ication for 

wire has received the critical comments of members of the 

In the near future when there is more with the tes of Des 

and with fabrication of cable for ication will be 

for the bare cable conductor. of the wire 

for SSC 

for all cable 

ion will be included in it. In the 

conductor wil be for 

mechanical and electrical 

cable with the vendors 

• 
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Pine Filament B.&D 

Convent Nb Ti consists of 

at of NbTi rods in a copper matrix. this extrusion and the 

billet, a of t intermet 

thick can form around the filaments This brittle inter-

does co-reduce and thus can become 

filament diameter at final wire size; this results extensive filament 

sometimes strand This be 

the NbTi rods at extrusion size in a barrier material, such as 

the formation. barrier need 

to 0.2 mm thick, and will be reduced to an 

filament cross section at final filament size. 

fract 

Another can arise the introduction of icles 

billet ion operations. "dirt 

size icles or any inclusions of this size the rods copper 

s can result filament at the final wire size. This 

is since may 

inal wire size is Also, the size of inclusion which is toler-

desired filament size e.g. a er 

inclusion is for a 20 micron filament but not for a 2 micron 

be eliminated careful selection 

materials and clean room in billet 

a rods are stacked in a as is necessary 

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



non-uniform reduction in the extrusion step. The filaments are necked down 

eliminated 

than 

fact 

that it is 

raise 

also leads filament This 

the billet before extrusion. 

these ial are eliminated proper 

there is no reason a 

cannot be achieved in filaments less than 

increased total reduction in area of the 

to introduce more heat cold work 

value of 

s et al. Proc. ICEC 

value of 

diameter 

filaments mean 

and hence 
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2 

At BNL groups in the Met and Materials Science Division and the 

Materials R&D Section of the Division have collabor-

ated on a 
1 

of intermetallic formation on filaments. Their studies 

of a 

number of for the CBA ect at 

BNL. The basis for their is in 5.2-1 where about 250 wire 

are shown with a of (5T) values and a scatter of 

(ST vs. factor, n. Detailed is was then 

of wire with low and those with values 

2200 electron ( of these are 

shown in 5.2-2 and 5.2-3. The conclusions reached in this 

indicated that in wire there was evidence for or of 

the filaments and the occurrence of numerous icles or nodules. Chemical 

of the icles 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 a.re extrusion or or heat treat -

ments. The also showed that down the wires filaments to 

sizes where the harder icles formed a fraction of the filament 

diameter a sizable reduction in from values. Wires 

without particle formation did not show this ion. 

Related studies have been done the Center 

2 at the University of One recent there used 

an indust extruded from Billet 5183 which has been used 

ext ens for studies of heat treatment imization. {See Section 4.2. 



heat treatments 

Table 5 2-1 

and 

s 

at 
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reatments had been based s 

a similar heat treatment schedule was 

the current 

of heat 

lower values. 

values are consistent 

due 

rate 

the cases of 20 µm filaments without 

effect 

the extrusion process However 

was formed and reduced 

the 

an increase 

es 

ferent filament diameters and heat treatments. basic conclusion 

treatment steps of hot extrusion. Photos also illustrat 

are 

the 



the 

t 

ance of 

to 
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a reliable, cost-effective diffusion barrier 

the intermetallic formation under any process 

conditions. 

1. 

2. 

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

Formation on the Characteristics of NbTi Accelerator 

Wire", to appear in IEEE Trans. on Nuclear Science, 1985 

D. C. Larbalestier, Li ~~ ...... ~~. W. Starch and P. J. Lee "Limitation 

of Critical Current Intermetallic Formation in Fine Filament 

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

1985. 



5 of 

indust 

of H. 

3 

5 

Table 2-2 Effect of 

CB1730 

Note were at 

of heat treatments 

extruded 

FU. dia 

9 

9 

10 

9 

treatment 

Filament 

0 

2 

5.3 

2 

5.3 

5 

no 

and 

24 

2215 

1965 

l 

extrusion 

Heat 
treatment 
schedule 

6 x hrs 

6 x hrs 

9 hrs 

(ST 

2265 

1 

15 

935 

75 

810 

BT) 

995 
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, n = 35. 



5., Cross section of Billet 5183 
.. at ST • 2725 

with a µm 
The rather uniform 

cross section of the 
is evident .. 





SEM filamemts 
of .. 

are inter-
c .. 



2-7 Cross section 
Billet CB1233 



5 .. 2-8.. SEM filaments 
from cross section 

.. The uneven filament 
diameter and nodules of 

are evident 
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The ential of NbTi wire with fine 

the solutions were discussed with the 

manufacturers between December~ and 

s and 

material 

IGC and to LBL with the 

ion of 

material with which 

fine filament NbTi. The deliverable items include 

can be imized and also can be used to construct 

Reference 

nomic 

model The final will include an eco-

of the fabrication methods. Some details these ects 

are in Table 

ical 

D 

to be in fine filament NbTi for 

the SSC ion is to devise a method of st 

number of elements to 

are at least three 

the end 

First one can stack a number of rods 

this the invest 

have stacked a 12-inch billet with 

See 5 

a 

see Table 

a 

There 

rods and date, 

have ed the extrusion Small amounts of this material 

are to .0318" diameter wire filament 

diameter wire 7 filament 

be made after results are 

decision 

on this imization on 

two-level cable 

of the 

rat 

s in progress See Section 6. The second 

will consist of another diameter billet with 

and a filament number to be 
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IGC to invest a double extrusion as well as a 

stack 

IGC elected to 

their internal 

LBL 

in 

to fund the double extrusion and 

with the s stack 

In the LBL-funded program, Table 4. IGC 

has both Phase I extrusion (an initial 6" diameter billet with 7 

NbTi rods and a second 6" billet with 7 x 858 NbTi filaments • 

imat 100 lbs of this material was drawn to final wire size in 

1985, and will be cabled in order to 

ization measurements. IGC is 

for 

with Phase II and 

and 

the 

raw material for two 10-inch first billets. Material from these bil-

lets will then be restacked to a 10-inch billet of Inner 

10-inch billet of Outer material. This wire should be for 

in December, 1985. If this 

cable for one 16.6-m model 

is successful, there will be 

and several 1-m models. 

and a 

A alternative to the use of conventional hot extrusion with 

diffusion barriers is cold atic extrusion. Production-size 

st at ic presses extrusion services are available in but not 

in the U.S.), and the costs are competitive with conventional extrusion. 

The maximum billet diameter is 6.5", 

extruded. (See Table 5.3-3 for 

billets to 62" can be 

list of parameters available at LDM 

in Holland; similar services are available at National Standard in 

Scotland.) Hence, one can process the same of material 

us atic extrusion as can be fron a 10" diameter conven-

tional extrusion. However, the of useful material can be much 

in the 

tor is 

atic extrusion case because of reduced end losses. This fac­

ant in a double extrusion process. 



order evaluate, both 

extrusion for 

three billets for 
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ent 

fine filament LBL 

ic extrusion (see Table The 

elements for billets are at a 

and draw rods are clad with Cu then 19 of these rods 

are loaded into another tube~ drawn and bundled form the billet stack-

elements The s be sent ional Standard extrusion 

schedule 

a 

returned the u. S. where will be drawn to wire. See 

5.3-11 

material 

additional billet will be excess 

some material IGC 

diffusion barriers for 

conclusion of this R&D 

cost 

This will allow the SSC 

I this 

with the other two billets. 

in November 

of 

there 

fine 

be a 

to evaluate the fine filament 

fine filament into the SSC range 



Type 

force 

pressure 

operating pressure 

length 

Billet diameter 

Billet length 

!llld 

Tube extrusion billet 

LIJM 

SHEET 

40 

40 MN 

1400 MPa 

1300 MPa 

1600 mm 

0 ·160 mm or 0 80 mm 

400 mm 850 mm 

1200 mm 

790 mm 

Other billet dimensions on request 

Extrusion rntios at room temp: IO : I up to 25 : 

at el<:>v. temp: 40 : I up to 600: 

116 
Ram diameter 

Produkt diameter max. 

temp. 

du kt 

die 

! ncl. billet nme 

Billet nose diam. 

for press 

inert gas·protecrion 

of 

coiling of 

from 0,0014 

(, 11!0 mm 

l'i 60.mm 

· 0, 25° C/Ml'a 

40° uµ I IO" 

0,023 

Incl. die angle mmus 

Rod diam. minus ! mm 

30 sp1•cial 

N2 

IOOO I mm. 

IO" 

Number or extrusions/per hour depending on: 

·number of extrusions per order 

-warm or cold extrusion 

·specific product experience 

-Billet heating rate •c/min 

·eKtrusion speed selection 

-dat 11 collection 

lubncat!oo requirements 

-product cooling rate 

·sampling procedures 

fully comrollable medium frequency billet-healer 

·Dimension : I> 170 length 2400 mm. 

Electric da1,a: 600 kW 470 Ill. 

-Sml! Net frequency billet-heater lstep-contrnll 

Dimension ,I 165 length 1317 mm. 

da1 kW 50 llz. 

-Chain drnw!Jench: 400 KN length 30 m. 

Rangmg from 48 mm, inlet diameter down to 10 mm 

Bu:! 180 KN diam. 2130 

Ha111;lng from 33 mm inlet diam. down to mm 

-llorlwntal flull B!o,·k KN Drum 915 mm 

Ran~ing from mm inlet down to mrn. 

I 
VI 
!-' 
I 



-52-

8 

• 5.3-10 Number of filaments 
for SSC Reference 
Conductor. 
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s 

In Section 5.3 the DOE-funded research done u.s. 

conductor manufacturers to fabricate conductor for SSC magnets was des­

cribed. Here will be a summary of recent results from that research and a 

ion in the context of wire with electrical ies 

manufactured for SSC Reference Des D model magnet fabrication and con-

ductor for the HERA P ect at DESY. Furthermore, conductors have been 

for examination that were intended for other ects 

and 

funds. 

tasks, or were us internal industrial R&D 

Table 5.4-4 is a concise summary of many wire all measured 

us facilities at BNL and the Univers of Wisconsin since about December 

1984 with a consistent set of criteria. All of the in 

the table are defined in the current SSC wire 

A. (See attachment to this 

The measured wire are s into three 

ion and its accom­

Also see Section 7.). 

of most described in the table are shown in 

5.4-12 5.4-20. 

A. Production Wire for t Model Fabrication 

So far IGC fabricated five billets of to be used to 

fabricate model 

from these 

for SSC Reference Des D. Tests of wire 

inner and outer 

lots are summarized. The des 

SSC wire were 23 and 18 µm, 

be noted there that the des value of (ST) = 2400 

every case. 

filament sizes for 

It should 

is exceeded in 
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A of HERA wire manufactured Vacuumschmelze ) is also 

listed. It is ive of one of the best of 

wire manufactured for that ect. A filament size in the conductor is 

12 µm. A .,,.,,.w1-1'..1.."' was sent to BNL for evaluation to show the of 

VAC as a ial manufacturer. 

B. Small Production for 

Several interest wire in this category have been tested 

at BNL the few months. The first listed Brown Boveri 

oration (BBC) had its in wire used to fabricate a small 

two-level-cable conductor for HERA cold iron model 

Nb Ti was manufactured in a small 

see whether the would enhance the current 

The 

for Fermilab to 

es pee 

at 

cation 

fields. Since the time it was ordered advances in wire fabri-

have 

a s 

Fermilab ED and BNL CBA 

In about 1981 Airco 

a very interest 

test for the Tore II 

better material. However, it did represent 

over wire until about for the 

ects. 

Oxford or OST 

fine filament as a ion 

ect in France. drawn to smaller wire 

filament) sizes with recent heat treatment t were to 

BNL for evaluation in 

the date of 

earliest to imize 

1985 and showed 

These 

under 

some of the 

conditions. 

The wire used a Nb barrier around the filaments and CuNi for interfilament 



Contaminat 

center less 

fall-off of 

of the 

ion 
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with Zr from 

led to filament 

reduction in filament size. 

for 

and the 

Since 1985 four manufacturers have 

evaluation of Most of these have 

fine filaments Furukawa in an effort assist SSC ect 

small filament material drawn down from wire-intended for 

use 

first measured at with filament size of S 5 and > 

of America w'hen the SSC 

filament funded research t 

listed. These are remarkable since were 8- inch diam.et er 

s at 

of extrusion and heat treatment. 

The more recent 

eristics fine filament 

from IGC and show the best charac­

so far and result from 

research described in Section 

The results in Table 5.4-4 

ext future materials 

collect 

the SSC considered 

program. 

current 

one year ago the state of the art for 

was 5T = 

filaments able describes 

w'hen 

ion 
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sizes as small as 3 microns. These results are further summarized in 

5.4-21 where at 5T and filament size are for the category C 



Note: The Cu:SC the used to 

Production 

l IGC 

VAC 

Model 

For SSC Design D; 

inner wire 

HERA 1/9/85 0.0325 

1. 29-M 

1. -1) 

1. 

l. 8 

and 

1028 140 

2509 1077 130 

1010 138 

1147 

34 988 28 486 I U8 



of ~flfiAfFPJ'\ 

Date Dia. 

' I 
SC: n 8T,4. I RRR 

I Received Inches) Ral:fo 
ST 

Small Production for Special Purposes 

l, llllC I Orlgln-llERA cold 12/10/84 I o. 01 I I H I l. 0 -D I 25UI I 43. ll 1287 133. 51 5600 I 32 

dipole f abrlcation 

IGC I For Fermilab using 13/19/115 I 0.0319 I lJ I l, 5 -D I 2204 l 46. l I 885 I 30.81 I U9 

alloy 
I I I I 

Below: 

+ Cu!U:SC) 
I I I I I I 

I 
V1 

OST I For Tore II Supra 1/24/85 0.0358 5 2, 7 -D 24U 17.6 843 21 509 941 '° I 

(Airco) qualification teat; 0,0225 3 1 -D 2235 10.ll 1302 88 

manufactured in 1981; 0.0179 2. 5 2,7 -D 1563 5.5 2119 83 

drawn down for BNL 0.0142 2 2.7 -D 1086 4.5 3357 63 

0.0078 l. t 1 -D 974 5 10902 61 



Manufacturer Comment a 

C. Special R&D for SSC 

1. Furkukawa Origin-superconductor 

generator R&D using 

Nb50 wt. %Ti ; 

drawn down for BNL 

For BNL Magnetization 

studies 

2. IGC Preliminary aample 

for DOE funded R&D 

J, MCA Standard MCA billet; 

special extruaion and 

heat treatment for 

SSC 

For BNL magnetization 

etud:l.ea 

4, Supercon Preliminary aample 

for DOE-funded R&D 

·----

Table 5,4-4~ Electrical Propertiea of Superconducting Wire 

(cont inued) 

Date Wire Dia. Fil. Dh. Cu: SC IJ 5T,4.2K 11 

Received (Inchea) (Microns) Ratio 
at ST 

l/85 0.0264 8.9 1. 65-D 2680 28, 7 

0.0160 5 1.65-D 2485 29.4 

o. 0088 2.7 l,65-D 2205 26. l 

3/29/85 0,0089 2.8 l.09-D 23!H 24,5 

4/85 0.0115 4.3 l. 39-M 2835 31. 5 

2/19/85 0.0304 25 0,98-D - -
0,008 7 0.9 -M 2695 39.8 

0,0045 4 0.9 -M 2554 31. 0 

4/1/85 0,0045 4 1.1 -D 2497 31. 2 

5/85 0.00206 3 0.75-M 2950 .39. 2 

IJ 2K 11 

) at ST ( 

1011 21.1 

952 24.3 

805 24.l 

842 18.2 

1210 29,2 

940 38.2 

1075 30.5 

1002 25.2 

994 25.0 

1200 33.l 

701 

2164 

7384 

8501 

4321 

112 

11146 

34986 

31800 

15943 

RRR 

32 

28 

24 

25 

72 

116 

73 

54 

76 

52 

I 
cr-
0 
I 
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• S. and SEM 
inner cable and 

wire referred to in Table 5.4-4 
as item A.1. The cable cross 
section the thin 

filaments are shown at 750X and 
the etched filaments are shown 
~~Q •• ...,t a 100 micron scale. 
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.. 

as item A .. l .. 

and SEM 
outer cable and 

to in Table 5 .. 4-4 
The cable cross 

the thin 

are shown 750X and 
the etched are shown 

t a 100 micron scale., 
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• 5.4-14 gM 
wire VAC 

referred to in Table 5.4-4 at 
item A.2 The entire wire is 
shown with a ication of 

the filaments of 
12 microns are shown at 400X. 
The etched filaments are shown 

a one micron scale. 
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5. and SEM 
of BBC wire ref erred to in 
Table 5.4-4 as item B.l. The 
overall wire and 

are shown with 
cations of 250X and 
etched are shown 

t a 10 micron scale. 
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5. 6 

shown 



5 
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wire 
of 
at 
are 
scale .. 

and SEM 

micron 
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5.4-19 and SEM 
of wire from MCA referred to in 
Table 5.4-4 as item C. These 

of taken from 
of 0.0045 inch dia­

meter wire with 4 micron filments 
fabricated for BNL 
measurements. The overall wire 
is shown with a of 

The etched filaments are 
shown against 10 micron scales. 
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3000 
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At ection the field of a cose is determined 

currents the 

have been measured to test the 

1 2 
with current and filament size. Of interest is the with 

filament size since have been the literature 

small ion was 

was observed in some with fine filaments but in cases 

were current is also conductors 

same effect 

filament size. 

illustrated 5-22 where 

size 23 2. are 

ization will be described in Section 7. ) The filament conductors are 

eristic cable used to fabricate 

the smaller filament wires are the next 

generation of SSC conductor. All of these conductors had an effective trans-

of before reason 

ion values are often observed in fine filament wires of 

is due to the fact that ization is a prop-

filament whereas 

direct affected ric defects Thus a severe 

due to will have a much ization 

the measured current is 

izat that is but the current that is It has been possible 
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demonstrate that ion measurement made as of a short 

test program can be used to forecast the ection field harmonics of s 

before are built.
2 

'When the filament size is very small < 5 the 

ization curve will be ric due to reversible effects (see 

5.5-23) and this must be taken into account when calculat the effect 

on the field distribution. 

iza.t ion but 

the cable 

and 

affect the 

indications are that the ion 

not reduce the 

current due to local necks at 

1. A. K. Ghosh, K. E. Robins and W. B. 

on Mult Sn and NbTi 

21, 1985, p. 

iza.tion Measurements 

, IEEE Trans. on Nuclear 

Science, 

A. K. Ghosh, W. B. and P. Wanderer, izat Critical 

Current and ection Field Harmonics in Accelerator 

s", IEEE Trans. on Nuclear Science, 1985. 
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x 

x 

• 5.5-22. Variation of measured 
ization filament size for 

transport current 
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C.ble Fabrication 

the 

both BNL and LBL had active programs for cable R&D and cable 

an effort reduce 

decision was made 

team 

cable 

inues to 

measurements 

ication of 

to LBL res pons 

the 

this effort 

mechanical and 

areas 

and 

New 

rol 

Electric Wire NEEW • In addit many of the 

are 

2 

record maintenance ems 

for use SSC cable 

year the cable 

- cabl 

effort 

s at LBL and process 

machine has been at 

ec.t 

been 

s at 

duce continuous to a.bout 5 ft. with the pre­

at e g ft In 

machine has several features not found on conventional machines, 

essential for imum These 

ion for the 

individual strands for 36 , and easy 

direct 

Several rial runs were made at NEEW between 

30-strand Outer cable. 

trials were 

crossovers occurred and 

before crossovers recurred. 

tension 

ustment 

for 

cable 

and November, 

about 450 ft of 

to 
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whether there was some ical limit on strand number with the 

cable a strand cable was ed at and was 

cessful. Additional trials on the LBL machine showed 

ions contributed to crossovers - uneven tens strand 

to strand and a small mandrel diameter 250 When these two conditions 

were corrected at the crossover 

lems were encountered and the solutions are described Table 2-1. 

Aft these were made a total of of cable 

feet fabricated at and 12, feet of cable was made at LBL at 

and a of over This is 

used at s and cable and the recent are better 

vs about for the older ects. The increased is due to 

wire and and to ers 

and At this time, it is that the D cable can be 

same cost or less s and 

at there is invest of several new cables 

could have advantages for SSC These include two level cables, 

cables 

interest from the 

ernal flat cables. The two-level cable is 

of fine filaments and increased cable flexi-

use can be made of filament material 

as a diameter strand 

ments or wire diameter can be to 

diameter fila­

filament diameter = 

fabricate a element cable and then fabricate a strand 

from these elements. At , a mechanical model of this cable was 

Isabelle strand The 

of 



and at a 

the new material is 
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line of 10 ft. As soon as 

this will be 

with strand material and electrical measurements will be made 

Use of an internal in the SSC cables may a 

cable without the in conventional cables (see 

Section , internal flat 

effective modulus in compression and 

offer the 

less 

have been made at LBL and BNL; however, s 

ch al 

evaluated at LBL. 

6 .. 4 

On t 27 

of to 

Des 

Several internal flat are 

and 28, 1985, a was held at LBL 

interested industrial the t 

D cable. It is intended for the 

of 

Short 

is 

for the purpose 

for 

manufac-

turers to take for cable so future 

can be for cable conductor with and dimen-

sions. 

1. A.R. Borden and R.C. t, ASC Knoxville, 1982 



PROBLEM 

Periodic Crossovers of 
Strands nurlng Cabling 

Excessive Variability in 
Cable Keystone Angle 

Reported By 
lll11oles 

From 30 Strand Cable 

Ion 

Cl\IJSE 

a) Uneven Strand TenAlnn 

b) Mandrel Design 

a) Worn Tnrksheads (T,H.) 

b) Variability In Turkshend 
Assembly 

c) Cable Twist Pitch (T.P,) 
Too J,ong 

Table 6,2-1 

SOLUTION 

Recommend N~:EW 
Rehulld Cabling Machines 

Developed New Mandrel 
Design at LBL 

Used New BNL Turksheads 
at NEl-:W 

Deve 
Mode 

New Operating 
Turks head 

Reduced Outer Cable 
Twist Pitch From 2. 9" 
to 2.1· and Inner Cable 
T.P. from J,125• to 2.9" 

COMMENTS 

After Changes, 8000 FT of 
Cable Made at NEEW and 
12,000 FT of Cable Made at 
LBL Without Crossovers. 

All Cable Made After Changes 
Have Keystone Angle Wlthln 

Improved Cable Mechanical 
Pro pert I.es With Slight Change 
In Metal Density ( 
0.5%). No Add 
Degradation In lc Due to 
Tighter T.P. 

·~~~~~~~~~~~~~~~~~~~~~~~~~~~--~~~~~~~~~~---~~~-

Turl<shead Asaemhly Procedure 

Moc!e. llrnahl ng 
Incorporated in 
Cleaning Line 

No Problem in Insulation f1lr 
4.5 m Dipole!! 
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Critical Currem: and 

for Strand 

Mea.suremem:s 

The measurement of the critical current of strand before is 

st 

is relat 

voltage 

forward since there is no 

low 1000 

s situated far 

with sensit 

A four wire 

and the current 

is used with the 

inside the current contacts to ensure that 

no current transfer are included in the V vs. I data. small 

the 

solenoid with reasonable field 

field. 

can be used for 

The critical current, , is defined as the current at which the 

effective resist of the strand is to 4 ohm-m for the total 

wire cross section. Strands, very fine ones, will often carry 

current in excess of , before The form of the 

vs. current relat is used to determine , and the 

index", n, which is defined in 7.1-1. In ice, this measurement is 

<..vm;;u. ... erized and a result is shown in 7.1-2. If the 

uniformity of the is in ion additional voltage taps can be used 

to the The normal state resistance of the strand is measured 

at room and just above the transition as of the 

standard test. These resistances are then used to the 

and 

these t 

ratio (for with 

measurements and the residual resist 

ions and et ch 

Details of 

ion for SSC are included in 

wire attached to this 

A of the 

and in references 1 and 2. 



x 2 cm 

7.1-1. Schematic 
vs. 



B 

= S0k6 

.6 

.6 
300.8 

= Cl"' 465 

ia .... 0266in. 

n= 45. 
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3 

lS 

Jc"' 

C/5"' 

., .... 

., .... 
.2 
. 5 
. e 

2683 

tn:. ___ ......._ ___ ..._ __ __,.. ___ _,__ __ __, ___ -< 

I ' 2 4 €< 5 0 

- ~-~~~~---""'--~~---~-~~~~---~----' 
~.b 2. 

.., 
•"-

454.5 
459.2 
46 .6 
463.2 

1 data sheet from 
critical 

5.. .3 

lS 

3.5 
5 . 

.e 

wire 



sens it 

are a 

cables is 

ical considerat 

Sens it since 

field. In addit 

filter 

the 

is sufficient 

robust fixture 

a 

crit current can be measured 

cable. 

ers 

resistance measurements at 

voltmeters 

cable make it to measure the 

crit 

be used in 

are 

current measurements 

is 
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should be renembered that under ideal conditions a cable will carry current 

in excess of • and that the field and field orientation must be taken 

into account. The 

values with the field 

"self field" effect. 

1. M. Garber and W~ 

Nb Ti 

2. M. Garber and W. 

values of critical current are the "worst 

to the cable and no correction for the 

• MTest Method for Norm.al State Resistance of 

Wire"• BNL Division Note 115-4. 

• "Test Method for Short 

Determination of Twisted Mult 

Critical Current 

Wire", BNL 

Division Note 

M. Garber and W. B. • "Critical Current Anisotropy in NbTi Cables 

IEEE Trans. on Nuclear Science, 1985. 
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Table 7.3-1 a summary of the electrical characteristics of the 

cable manufactured so far for SSC Reference Des D model 

at BNL. The results are in 7.3-3 

des 

7 .3-7. The 

measured ies of the cable exceed the value, some a 

However, there are two features which are considerable 

somewhat puzzl 

summarized 

and will 

here. 

additional These features will be 

The cables for the inner coil 12 and 

XT-014-2317HH exhibit substantial when not with stresses 

above 10, 000 It is that this characteristic may be due to the 

reduced amount of copper in the cable and the critical currents. (The 

Cu:SC Ratio is 1.3:1.) This is unusual in with other 

similar conductors with copper ratios and similar critical currents 

which are not 

holders at BNL have 

Also, the 

4.5 m model Des 

ional s 

as well and do not train. The cable 

sat 

D 

to enable measurement without 

characteristics of the 1 m and 

magnets have reduced the concerns about the 

of a magnet with this conductor. 

been 

The V-I curve for the inner cable also exhibits somewhat anomalous 

behavior. A of inner and outer V-I curves are in 

7.3-3 and 7.3-4. Note the increase in Vat rel small I com--

with the normal 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 of are unclear at in spite of 

numerous follow-on tests. 
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The outer conductor such as in a classic manner under 

7.3-6. However, a has there. electrical test. See 

Cable XT-015-3012HH was at LBL with a mid-thickness of 0.4 mils over 

the maximum tolerance. In order to preserve the character-

!sties of the 

was done with 

s LBL was 

sat 

ed to reroll the cable. This 

results from the mechanical int. 

However, the electrical results were 

reroll of 0.5 mils resulted in a 

way, but substantial reduction of 

A size reduction 

) when measured the 

as shown the value 

of the anisotropy ) in Table 7.3-1 and in the summary in 7.3-7. 

This cable will not be used to fabricate model 

done to understand the effects of mechanical 

of the Des D cable. 

s. More work must be 

on the characteristics 



Table .3-1 

Meas. 

Date 

Values 

XT-012-2317HH 

5 

XT-020 

XT-019 

Electrical ies of 
for SSC Reference Des D 

, .2K 
at 

> 10453 

10600 13 

19.7 

30 .2 

8280 .o 

A 

%) 

12 

12.5 

< 15 
incl. 
in 

16.5 

17 

• 3 13. 5 

3 

-11 

2.8 

2 

8 

< 
incl. 

15 

22 

15.3 

26 .8 

26.8 

28.5 

27 9 

28. 

28.5 

Cable 

RRR 

> 70 
estimated 

69 

76 

estimated 

61 

73 

68 

Comments 

manufactured 
at 

manufactured 
at 

manufactured 
at. LJ$L 

magnet 
fabrication 
manufactured 
at 

manufactured 
at LBL 
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> 
:I 

4 

2 

H 

.9 

# 4. 

SC: 2,RB B= 50kG 

4 
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T :w= 4. 327K 

6 
kA 

x 

x 

8 

x 

x 

x 

x 

x 

10 12 

•14,lR ~3C: 12,AB B= 58"'.G T:::1.v= 4.3271< 
Ic= !0177 I2= 10716 
S ope= 3.4 

log rho 

B= kG ID= 2 AB L=68.6 IC• OS 12= = 3.4 08-

• 7.3-3 Data format from cable tests of 
XT-012-2317HH at 5.0T with the 

to 
surface of the conductor. 

anomolous increase of V at 
currents is evident in the 

- i 7:0 



;:::-; 
0 
. .J 

15 

5 

; • : • Cl 

'-:1 
( -.,.l 

-88-
3 e::F"+ B- 58kG Thv- ~.35SK 

kR 

:ii1E .. 0 ~;C: 3,Er+ B= 50kG Tav= 4.3 
!c- 7 12 12- 7259 
S i:q:.ie= 3"1. 0 

g rho 

D-
.!...-'- ::O G ID= 3.EF+ L=68.6 IC= 7489 12= 

T I v v ... 
QC.~, 
_, .,,• ,j -.02 2023 -.07 - . 13 

55"47 - . 0'4 81 . . 
7 <!It\ 
• l u 4 <°'l? .o....i 7202 7.39 1 1 . 1 7 

7 8 

• 7.3-4 Data format from cable tests of 
XT-013-3012HH at ST with the 

field to 
surface of the 

conductor. 

76L!3 = . 0 B- 985 4: 3 

I I I 
4015 - . 3E, 4:) 0 .08 Ll988 .27 
6587 .59 05 67 7001 3 . 
7337 15. L.!5 
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• 7.3-5. Critical current vs. 
field results for D 
cable wire. 
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( 
• 7.3-6. Critical current vs. ic 

field results for outer Des D 
cable XT--013-3012HH and component 
wire. 
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F . 7.3-7. Critical current vs. magnetic 
field results for outer Des D 
cable XT-015-3012HH and component 
wire. 
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7 

The methods used to measure the of are 

same as used measure the sus 

material. , the effect of the presence of the conductor is 

a of same 

a of conductor in a 

the effect the 

tice, because of the very small involved two bucked 

used have been 

is varied 

matched 

conductor is 

its effect the field in that coil is observed as the 

the of interest. 

case of cable , thin coils which 

sition of cable in the 

are and a the 

is 

prac­

coils are 

of the 

fit 

one-

field. This also allows any 

coils, 

suited 

in the ization to be studied 

between filaments due to 

enhanced 

the rate of of 

and .4-9 show 

coils used in the 

absolute calibrat of a 

factors 

or lack of will show up as 

between strands studied 

can 

details the 



ization is 

size and 
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forward as as care is 

For this reason 

for relative 

preserve the 

conductors which are not available as cables are tested in the form of 

"s cables". These are 

wire in an array which 

cable 

to the and volume of the 



.. 

IC-

• 7. ion 
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Cable Mechanical Measurements 

Measurement: 

device has been at BNL to assist in the measurement of the 

of cable.1 It measures the of an 

2000 ps cross section under a load ( 

to of the device is 

8 1-1 

on a measurement of the vertical 

various tensions 

device 

which is onto the cable with a connected to 

a s Variable Differential Transformers sense 

the position and a readout of the deviation a 

calibrat standard is used zero the cable 

secured inside an accurat machined slot to maintain its dimens 

device is of thousandths of 

s an individual cable a 

factor of ten worse than this. This device is very sat for measur-

the 

cable 

At the 

cable 

are f 

must be 

ime the cable 

manufactured However 

t 

is measured for a 

t for 

establishedt measurements with this will 

unnecessary Checks for 

been made an individual of cable and variations are seen to 

order a few of a 



ment 

This 
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Mid-Thickness Measurement 

The basic. for the cable mid-thickness have been in 

ect and the 

of the CBA P ect at BNL. The method relies on cutt 

ten sections each 5 inches These sect 

with alternat direction into a slot des 

The st is then measured a compress 

a bare 

are 

match the 

measurements are sometimes done fixtures at 

a device with 

device has been at NEEW and LBL cable manufactur-

The fixture is 

these methods were used measure 

mechanical 

described 

ies of cable for SSC Des D models The result-

measurements are summarized in Tables 2-1 and • 2-2 e 

above the there the t 

des 

The cable 

different 

this 

for the cable width as measured be 

this ls a minor concern and rem-

the for cable 

is 

for 

within the values 

the 

The cable mid-thickness is very 

rollers used 

ant for 

ils and several measurements of er 



are shown. Measurements are made now of cable taken between individ-

ual coils as are wound and molded to check on the of the 

cable. The outer cable XT-015-3012 RH was found to be substan-

t oversized at ion. 

mechanical oversize condition. However, this 

corrected the 

affected 

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

Fermilab is an automatic method for 

and mid-thickness dur 

at Fermilab and at BNL. Fermilab staff are now 

of and will evaluate their 

the cable one 

devices have been built 

both of these 

for a cable 

tion environment. It is possible that the mid-thickness measurements could 

be used to control automat the sett of the Turkshead rollers. 

1. A. Bertsche, Division Note 



Table ll.2-1. tledrnnkcil Properties of Tnner Superconducting C11hle 

for SSC Reference llerllgn fl 

Note: All mearrnrf'ments here are without IL•mdon appl lPd to the c11hle. 

Measurement M !d·-Th lckness I Width I Keystone Angle 

D11te (lnrhes) (inches) (degrees) I Comments 

------- .. -- - - -- - - ~ ~ -

Inner Cahle 

(Piece Length) 

Design Values and - o.os 7li o. 366 I. 6 

Tolerances t0.0005 ±0.001 ±0.15 

XT-012-23171111 2/8/85 0,0576 o. 371 1. 79 Receiving inspection 

(880 Ft ; 2/22/85 0.0575 o. 373 I. 75 Recheck 

3363 Ft) 4/16/85 0.0573 0.370 l. 77 Recheck 

5/ 16/85 0.0574 - - Coil beginning SU-l-I-005 

5/16/85 0.0573 - - Coil end SLN-I-005 

6/4/85 0.0574 - - Coil end SLN-I-010 

XT-0111 

I 5/3/85 0,051B o. 372 I. 65 Receiving Inspection 

( 2200 Ft) 5/16/85 0.0583 0.110 l.63 Coil end SLN-1-006 

6/ l!f P,5 0.0584 - CoU beginning SLN-I-008 

0.0585 - Coll beginning SLN-I-009 

XT-020 

I 
6/!1/85 0,0576 o. 373 l.68 Receiving inspect ion 

(3090 Ft) 7 /2J/85 0.0580 o. J71 1. 69 f,oU end SLN-I-Ol I 

7/29/85 0,0579 0.370 l, 70 Coil end SLN-I-012 

XT-022 I 8/6/85 0,0574 o. 371 l, 7J I Recelvtng Inspection 

I 

'° '° I 



:'able 8. 2-2. 
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'.1echanical properties of Outer Superconducting Cable 

for SSC Reference Design D 

clote: .Ul :neasurements here are without tension applied to the cable. 

:1easurement 11id-Thickness Hdth Keystone Angle 

Date (inches) (inches) (degrees) 

Outer Cable 

(Piece Length) 

Design Values and 0.0459 o. 383 1. 2 

Tolerances ± o.ooo~ :: 0.001 :: 0.15 

X"l'-Ol3-3012HH 2/22/85 0.0464 0.388 1. 35 

(4953 Ft) 5/ 3/855 0.0462 o. 386 l. 34 

5/8/855 0.0463 0.385 l. 34 

5/8/855 0.0463 o. 387 1.36 

5/10/85 o. 0464 0.387 l. 36 

:IT-Dl5 5/10/85 0.0467 0.388 1. 32 

( 2656 Ft) 5/ 13/85 o. 0468 l. 30 

5/21/85 0.0456 0.387 1. 30 

XT-019 6/4/85 0.0458 0.388 1.43 

(2656 Ft) 6/12/85 0.386 1.44 

7/23/85 o. 0460 0.387 l. 44 

7/29/85 o. 0458 0.386 1.44 

7/29/85 0.0458 ' o. 386 l.45 

7/29/85 0.0461 0.386 .44 

XT-021 6/24/85 0.0462 0.386 l. 24 

(2650 Ft) 7/10/85 0.0461 o. 388 l.25 

7/23/85 0.0462 0.388 1.28 

7/23/85 0.0462 0.387 l. 27 

XT-023 8/ 15/85 0.0458 o. 381 1. 08 

:cr-ozs 10/28/85 0.0458 o. 389 1.01 

Comments 

Receiving inspection 

Coil end SLN-0-004 

Coil end Sk'i-0-005 

Coil end SLN-0-006 

Coil end SLN-0-007 

Receiving inspection 

Recheck 

Receiving inspection 

after reroll 

Receiving inspection 

Recheck 

Coil end SLN-0-009 

Coil end SLN-0-010 

Coil end SLN-0-011 

Coil end Sk'<-0-012 

Receiving inspection 

Recheck 

Coil end SLN-0-013 

Coil end SLN-0-014 

Receiving ins.pact ion 

Receiving inspect ion 
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1. Technical 

1.1 Conductor 

filaments in an 

The conductor shall be a e of NbTi 

copper matrix. 

1.2 Critical Current: The conductors shall have a critical current 

than the values listed in Table I. These values refer 

to a test temperature of 4.224 Kand a critical current cri-

terion of p == 4 ohm - m, based on the total wire cross 

section area and with the magnetic field icular 

to the wire axis. The currents 
--~........;........;........;........;;_;~_.;.;,..;.,_;:;....;__.;.;,._.;.;,.:;..,.;__.;.;,._:;,........;........;.:.;..:.. 

A possible incentive factor for of the current 

above that ied is: 

2% increase for each current dens increase 

of 100 at ST. 

1.3 Filament Size: The vendor can choose a..!!::::::=:...:!!:.:::....:::...;:.=..:~::.!:!.=-....:~:::..:::._::::.~ 

5 

1. 4 Ratio : The r 

area ratio is determined first a of wire and 



Area of 
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then the filaments after the copper matrix 

the same wire. The ratio is defined 

constants below; the 

of 

of 

= 02 

"" 8. 95 

values and tolerances are 

5 Resistance at Room and Transit 

resistance of wire at room 

is as R at 295K or It is an 

er for ruct 

and of the copper. The resistance of the wire at transition 

as at can also 

convenient check of the 

The are described 

of this The values for resistances and 

tolerances are in Table I 
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Residual Resist Ratio: The RRR for wire at final 

to 0
, is defined the values of 

95 
and 

Table I. 

Table I. for Inner and Outer 

Wire 

in 

Minimum Critical Current at ST 

Minimum Critical Current at 8T 

535 A 

212 A 

282 A 

Ratio • 3 ± 0.1 :1 .8±0.1):1 

Wire Diameter O. 0318 ± O. 0001 in. 0.0255 ± 0001 in. 

Maximum 

1. 7 

580 ± 15 

7.0 

Twist Pitch: The wire shall be twisted to 

800 ± 15 

9.0 

a twist ch of 

..;;;..;;...:....~_;_;;..::......=...:.:..::.::::..::.::::......;;;..::.::.....::.:;;;:;.~ at the final wire size. All wire shall be 

twisted clockwise so that the filaments follow the same rotation as 

a -hand screw thread. 

This heat treatment will take 

after the final and twist and shall be in a 



2. 

1.9 
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Surface Condition: The wire surface be free of all surf ace 

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

filaments shall be visable. 

2. Minimum 

This minimum shall be determined after all 

lead and end defects have been removed These defects 

include areas of distorted cross section due to wire swag-

, any material attached as a temporary leader, or areas of 

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

Seller's Assurance, ion and Tests 

2.1 Seller The seller shall establish a 

assurance program that assures manufacture of a that 

with this 

with seller's 

ion of the means 

own and his subcontractor's 

test 

identification of 

lot of finished 

and 

and 

The seller shall the 

and ion schedule and a 

he will maintain control over his 

processes, ion and 

Included shall be means for 

material, serialized identification 

for the s 

material. The seller's 

ation of 

shall be 

records and material used such that exists for all 

in the conductor from the time raw materials are received the 
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seller until the final conductor is ed. In particular, 

detailed records shall be maintained for billet extrusion con-

ditions time and t of 

and 

conditions. 

Test 'Witness 

extrusion 

The 

steps, tests, and 

• extrusion 

if any• etc. and wire 

reserves the to witness 

ions established under 

the seller's assurance program, and all other tes.t 

at the seller's and his subcontractor s s to 

demonstrate with this !cation. information 

of a nature must be identified in the seller's bid 

response. The seller will not be to disclose this pro-

informat but will be to show that e 

records and 

steps. 

controls are maintained in these 

Test The seller shall measure the critical current for 

from each continuous 

T'"" 224 K. If a temperature of 

of wire at B = ST and 8T, and 

224 K is not pos-

sible, measurements may be made at another and a con-

version constant must be The conversion constant must 

A 5-foot of wire acent to be 

each 

the 

used the seller for critical current measurements" 

shall be sent to the These shall be identified 
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0 
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billet number, number, 

order number. 

conform to all 

continuous wire 

will be checked the 

, and 

that 

of the !cation, 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 

A of this 

for 

the 

The described in 

ion are consistent with the ASTM 

the short 

to will be 

addition, A describes the 

critical current and 

the measurements. In 

ical test methods to be 

used for det the wire normal state resistance arid resist-

ance at transition t 

Certification: The seller must 

each wire 

!cations. 

cert 

a written statement with 

that it meets all of the s 

and Wire shall be level-wound. shall 

be labeled with wire 

order number. 

nor wire are 

billet number and 

so that neither 



ELECTRICAL Pl.OPEi.TIES 01' 

for Crit Current 

General ; Definit of Critical Current 

curve is determined as a 
a sufficient 

as at 

meters effect 
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current cables. The composite matrix is 
copper. The resistance per unit is determined at room 
t (295 above the transition t 

These ies are des ed 

respect 
ratio 
RRR. 

• and are measured with an accuracy of 

0 
is defined to be the residual resistance ratio 

is determined 

R10 is determined 
copper matrix. The 
rical y of 

ion 

the copper matrix. For a 
a measure of the volume copper­
of the wire. 

matrix. 

residual resistance of the 
a measure of the elec-

A four wire method is used to determine the resistance. The 
wire is mounted on a which is also used for super-
conduct critical current measurements. It has leads which are 
suitable for 600 A from room into a 

helium bath, and ial leads for the voltage 
across a measured of the The 

should be mounted so that the test can convenient 
raised and lowered the level of a helium bath. 

Voltage are measured of 0.1 
resolution. It is 
to use and X-Y recorder simultau:~u·u~ 
with Y set to voltage and X to 

Current in the range 0.1 to 1.0 A is a well 
and filtered DC power It is measured a shunt 

of 0.2% accuracy. 

In the room t measurement a of 
O. C accuracy is used to determine the ambient 

Mount 

The is wound on a former. The ends are 
soldered terminations of the current leads over a 
minimum are soldered to the specimen 
at. a distance of at are soldered to the 

at a distance of at least l" from each current lead 
connection. It is advisable that these be in the form of 
fixed so that the test h be constant 
of measurements. In order to assure an accuracy of 

should be 50 cm or more. The leads should follow 
in a non-indictive fashion so as to minimize noise 

• the may be wound non-induct in 
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Procedure 

Room temperature measurements are made at currents which are 
between the of sensit and 

ohmic heat value is O.SA. Voltage 
for forward and reversed current and 

Low measurements are made in a helium The 
is raised so that the lowest in the 

centimeters above the helium bath level while 
As the warms, the voltmeter 

from zero to a e value corres 
resistance. The er is substant 

from the transition so 
to read and is 

a 
for the 

and former it may take 
normal. The resistance will 

remain in the residual resistance 
this. When the X-Y recorder is used, a 

are recorded as the is 

several times 
series of 
alternat 

lowered 
should be 

the helium bath level. The of these steps 

Room Correction 

room temperature variations may 
variations in the measured resistance. Des 

this resistance as and the ambient t ure as 
resistance at the of 295 K is 
follows: 

[ 1 + o. 0039 

The effect of the NbTi is 
correction. 

The 

the wire 

Ratio 

- 22)] 

for the purpose of this 

( S:::) ratio is related to 
check can be made of this ratio 
and The range 

ratio and 
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