
CENTRAL RESEARCH LABORATORIES 
AIRCO, INC. 

Murray Hill, N.J. 07974 

RESEARCH AND DEVELOPMENT OF STABILIZED MULTIFILAMENTARY 
Nb 3Sn SUPERCONDUCTORS 

NOTItt 

llki, .,> >P»-**>' <« 4. • a w * " * " ™ 

,nfTiflgfpriYiieIyj>wf*SW^ 

Fred T. Ormand 
JANUARY 12, 1976 through SEPTEMBER 30, 1977 

Technical Report for University of Californ . 
Lawrence Livermore Laboratory 

Livermore, California 

On work performed under Purchase Order Number 43S3903 

DisraiBuncHc-rtrr 



SUMMARY 

An investigation of tensile properties of multifilamentary 
Nb,Sn superconductors indicated that composites containing less 
than 12,5 volume percent (v/o) NbjSn were usually ductile. 
Composites containing more than 12.5 v/o ttt̂ Sn were brittle. 

Work was initiated on a 3-stage billet designed to 
reduce the v/o of Nb,Sn by utilizing a high bronze-to-niobium 
ratio. Cu-14 w/o Sn bronze was used. Tantalum diffusion 
barriers made from seamless Ta tubing, from welded Ta tubing, 
and from Ta foil were to be added before the second-stage 
rods were packed into drilled holes in the third-stage copper 
billet. First and second stage billets were so prone to 
longitudinal cracking that it proved impossible to draw the 
second stage rods to a small enough size for packing in the 
third-stage billet. A review of the history of the bronze 
ingots from which these billets were made suggests that 
oxygen contamination of the ingots during homogenization 
was responsible for this crack formation. 

Another three-stage billet was fabricated using a high 
v/o of stabilizing copper (62 v/o) to reduce the v/o of 
Nb 3Sn. This design utilized a standard second-stage billet 
with seamless Ta liner. Thirty-seven second-stage rods 
were loaded into drilled holes in a copper third-stage 
billet. After extrusion and drawing of the third stage 
composite, cross-sections ravealefi a type of center-bursting 
in which 1 or 2 different second-stage cores were broken 
at various points along the length of the wire. Apparently, 
the soft copper matrix did not adequately support the cores 
after the bronze began to work-harden. Recent experience 
with other conductors suggests that modifications in billet 
configuration, in drawing die schedules, and in annealing 
schedules should enable us to draw composites containing 
62 v/o copper successfully. 
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Raw materials have been purchased for vacuum induction 
melting and casting large ingots of Cu-13 w/o Sn bronze. 
Approximately 919 kg of sound ingots are expected. 

A technical paper entitled "Mechanical properties 
of multifilamentary Itt̂ Sn superconductors" was published 
at the 1977 International Cryogenic Materials Conference. 
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1. INTRODUCTION 

This report describes work directed toward improving 
the ductility of multifilamentary NbjSn superconductors and 
the reliability of tantalum diffusion barriers, Raw 
materials were purchased for melting a large quantity 
of Cu-13 w/o Sn bron2e for future work. A technical 
paper (Appendix B) was published at the 1977 International 
Cryogenic Materials Conference. The paper is entitled 
"Mechanical Properties of Multifilamentary NbjSn 
Superconductors". 
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2. Ductility of Multifilamentary Nb,Sn Superconductor 

( Tensile testing of sample of multifilamentary ftt̂ Sn 
superconductors indicated that the volume percentage (v/o) 

j of NbjSn in the overall composite is a major factor in 
determining composite ductility. This work is described 

| in a separate report entitled: "Investigation of the 
cause of variable ductility found in multifilamentary 

j Itt̂ Sn conductors. It is attached as Appendix A to this 
' report. Samples containing more than 12.5 v/o i^Sn 
, were usually brittle, fracturing at 1.5* strain or less. 
I However, a number of samples containing 12.5 v/o Nb,Sn 

or less were relatively ductile, breaking at 19 to 29% 
' strain. 

As a result of this data, two alternative approaches 
to conductor design for more ductile composites were 
explored: 

A. Decrease v/o Nb,Sn in the finished conductor 
by increasing the bronze-to-niobium ratio. 

B. Decrease v/o NbjSn in the finished conductor 
by increasing the v/o stabilizing copper. 

Of these two approaches, B was preferred since the additional 
copper serves a useful purpose in improving the stability of 
the conductor. Also, composite ductility beyond 0,6% to 1% 
strain (where severe degradation in critical current occurs) 
is primarily useful in cryostable conductors which must 
necessarily contain large volume percentages of copper, since 
the effectiveness of additional copper in promoting composite 
ductility was then unknown, billets utilizing each approach 
were designed. 



3. Tantalum Barriers by Alternative Methods 

Further examination of rod made previously from a 
187 mm diameter third-stage billet of 3500 A configuration 
(1) revealed that the tantalum barriers were broken in the 
center of the rod as well as at the end. 

A new supply of tantalum sheet sufficient to make 6 
liners for 113 mm diameter billets and 2 liners for 152 mm 
diameter second-stage billets was ordered from a single 
lot of tantalum. Seamless tantalum liners for 113 mm 
billets were fabricated successfully from this lot of 
material. 

As an alternative to seamless tantalum liners, a 
conductor was designed for which the third-stage billet 
would contain 19 round rods from a second-stage billet 
consisting only of Nb and bronze. Each second stage 
rod was to be inserted into a tantalum tube or wrapped 
in Ta foil and loaded into a drilled hole in a 19 hole 
copper billet. Both seamless and welded tantalum tubing 
were purchased for this experimental billet. 
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4. Selection of Billet Designs 

In order to compare the alternative approaches to 
composite ductility and reliable tantalum barriers, two 
three-stage billets were designed and processed as far 
as possible. One design combined a high bronzemiobium 
ratio with the use of tantalum tubing and foil for 
diffusion barriers. The other design used a standard 
second-stage billet with seamless tantalum liner and a 
third stage billet with a high volume percentage of 
stabilizing copper. 

For all of the billets fabricated during this 
investigation, the bronze used was 14 w/o Sn - 86 w/o 
copper, all bronze billets and bronze cans were machined 
from ingots which had been melted and cast in a vacuum 
induction melting (VIM) furnace and homogenized for 
24 hours at 650°C in an argon atmosphere. 
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5. Conductor Combining High Bronze Ratio with Alternative 
Barrier Fabrication 
A three-stage billet was designed for which the second-

stage billet consisted only of bronze and niobium in a 4.9:1 
ratio. Each second-stage rod was to be inserted into a 
seamless Ta tube, or inserted into a welded Ta tube, or 
wrapped with Ta foil and loaded into a drilled hole in a 
19 hole copper third-stage billet, This conductor was 
intended to contain about 52 v/o stabilizing copper. 

5.1 Preparation of Bronze for First Stage Billets 
Six 50 lb. ingots of Cu-14 w/o Sn bronze were melted 

in a graphite crucible in a VIM farnace and cast in graphite 
molds. These ingots were later homogenized at 650°C for 
24 hours in an argon atmosphere. After homogenization, a 
white coating was noted on portions of these ingots. X-ray 
diffraction analyses of samples of this coating showed it 
to be Sn02. Further investigation of the retort used 
during homogenization showed its sealing surfaces to have 
been damaged by mishandling. Since bulk analyses of samples 
taken from the interior of these ingots had normal oxygen 
levels, (5 xo 35 ppm), it was assumed that these ingots were 
acceptable. 

5.2 First Stage Billets 

Four 101 mm diameter bronze billets, each containing 
19 Nb rods, were extruded successfally to 25 mm diameter 
composite rods containing 21.1 v/o Nb. Two 101 mm diameter 
solid bronze billets were extruded to 25 mm diameter rod 
for making filler stock. The 19-filament rods and the 
solid rods were drawn to a suitable hexagonal size for 
packing in a second stage bronze can. Longitudinal 
cracking was observed in both 19-filament rods and solid 
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filler rods during drawing and during annealing. Sufficient 
I material was eventually drawn to the proper hexagonal size 
"* to pack one 101 mm second stage billet, but the product yield 
/ of good rod was very poor due to cracking. 

Since other billets utilizing Cu-14 v/o tin bronze have 
1 been extruded and drawn successfully both before and after 
* this series, it is likely that oxygen contamination was a 
, factor in crack formation. 
I 

5.3 Second-Stage Billet 
i 

A 101 mm diameter bronze billet, consisting of 151 of 
| the X9-filament hex rods plus fillers in a bronze can, was 
:' extruded successfully to 25.2 mm diameter. The 2869 
, filament extruded rod contained 16.9 v/o Nb. After anneal-
l ing it was drawn to 23.4 mm diameter, 1/3 of the resulting 

rod was further drawn to 21.5 mm diameter, and all of these 
) rods were annealed. Part of the 23.4 mm diameter rod 

cracked during annealing. 1 
5.4 Alternative Tantalum Barriers 

I The initial design involved a 101 mm diameter third-
stage copper billet containing 19 drilled holes 15.9 mm ID. 

j Six holes were to be loaded with 15.7 mm OD seamless Ta 
tubing with 0.25 mm walls, 6 holes were to be loaded with 

I 15.7 mm OD welded Ta tubing with 0.25 mm walls, and 7 were 
to be lined with 0.23 mm thick Ta foil with a slight 

J overlap. The tubes and foil liners were to be loaded 
with 15.0 mm diameter rods from the second stage rods 

| described above. 
Since such thin walled tubing was not easily obtainable 

t at this diameter, we purchased 25.4 mm OD seamless Ta tubing 
• with an 0.51 mm wall and 25.4 mm OD welded Ta tubing with 
• an 0.33 ram wall. A 660 ram length of 23.4 mm diameter second 



stage rod was loaded into a similar length of welded Ta 
tubing inside a slightly longer length of 29.2 mm OD, 
25.9 mm ID OFHC copper tubing after suitable cleaning, 
pickling, rinsing and drying. This assembly was scheduled 
to be drawn to 15.6 mm diameter and loaded into drilled 
holes in a copper billet. Attempts to co-draw this 
assembly succeeded for the first die. However, the 
copper tube broke and stripped off when about half of 
the composite assembly had been drawn through the second 
die. The remaining copper and tantalum tubing were 
later peeled off and the rod was re-sized to 16.5 mm 
diameter. Attempts to swage the welded Ta tubing to 
a diameter suitable for an 18.5 mm rod produced non
uniform deformation of the weld zone. Apparently, this 
welded tube which we had purchased had experienced very 
little cold work and no annealing after welding. Although 
the seamless Ta tubing could be swaged, the wall thickness 
became too great at a suitable diameter. 

A similar assembly using a 23.4 mm diameter second 
stage rod in a portion of the seamless Ta tube in another 
portion of the copper tube was also unsuccessful. Both 
Cu and Ta layers pulled off of the pointed front end dur
ing the first draw. Re-gripping the front end and continu
ing to draw resulted in initially successful co-drawing 
after which the Cu tubing broke and stripped off of the 
back end of the assembly. 

A3 a last alternative, we were able to locate and 
purchase a supply of 15.7 mm OD, 0.31 mm wall seamless 
Ta tubing for loading directly into drilled holes in a 
copper third-stage billet. 

-7-



5.5 Preparation of Second-Stage Stock for Loading into 
Ta Tubing in Third Stage Billet 

Attempts to draw the remaining second-stage stock to 
a suitable size for loading into the 15.1 mm ID Ta tubing 
were ended by longitudinal cracking of most of the second-
stage stock during drawing and during annealing. 

5.6 Discussion 

A review of the history of various billets machined 
from cast ingots of Cu-14 w/o Sn bronze suggests that 
oxygen contamination during homogenization of these ingots 
was responsible for the cracking encountered during draw
ing and annealing, similar bronze ingots homogenized 
in an argon atmosphere before this retort was iamaged, 
and after it was replaced, were made into billets which 
were extruded and drawn with no sign of cracking. 
Preliminary Auger Spectrometry of crackei surfaces 
indicated a high surface oxygen concentration, but 
further work is needed to compare "good" and "bad" 
material. Although the bulk oxygen analysis indicated 
normal values, it is possible that oxygen or Sn0 2 in 
grain-boundaries was responsible for the observed 
cracking. 

Although commercially available welded Ta tubing does 
not appear to be usable, seamless tubing should be 
satisfactory for loading directly into holes in drilled 
copper billets. The technique of drawing seamless Ta 
tubing inside Cu tubing onto a multifilamentary Nb in 
bronze-matrix rod has been used successfully in the past 
and could be developed into a reliable production method. 



6. Conductor Combining High v/o Copper with Standard Barrier 
Fabrication 

A conductor was designed for which the copper third-
stage billet contained 37 round rods from a standard 
second-stage billet. Each second-stage rod was inserted 
into a drilled hole in the 37-hole drilled copper third-
stage billet. The finished conductor contained 62 v/o 
stabilizing copper. 

6.1 Preparation of Bronze for First-Stage Billets 

Three 50 lb. ingots of Cu-14 w/o Sn bronze were melted 
in a graphite crucible in a VIM furnace and cast in graphite 
molds. These ingots were later homogenized at 650CC for 
24 hours in an argon atmosphere. At that time, the damaged 
retort discussed in Sections 5.1 and 5.6 had been replaced. 
No evidence of surface SnC^ formation could be found. Bulk 
oxygen analyses gave 9 to 24 ppm oxygen. 

6.2 First Stage Billets for Packing in New Tantalum 
Liners 

Two 101 mm diameter bronze billets, each containing 
19 niobium rods giving 28.4 v/o Nb, were extruded success
fully. A solid bronze 101 mm diameter billet was also 
extruded to provide filler stock. 

6.3 Second-Stage Billet Using New Ta Liner 

A 113 mm diameter second-stage billet was packed with 
283 hexagonal rods drawn from the 19 filament billets 
described above. These hexagonal rods were packed inside 
a new tantalum liner described in Section 3, which was 
contained in a copper can-type billet. 

{(283 x [19 Nb in 14% Bz])_ }_„ 
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This billet was extruded successfully. A small portion of 
I this billet was drawn to 2.9 mm diameter, verifying that 

the Ta barrier structure remained intact during drawing. 
j (see Fig. 1). This billet contained 15 v/o copper, 59.4 
* v/o bronze, 20.5 v/o Nb, and 5.1 v/o Ta. 

I 6.4 Third-Stage Billet Containing 62 v/o Copper 

I Thirty-seven round rods, drawn from the second-stage 
billet described above, were loaded into 37 holes drilled 

| in a solid copper billet having a diameter of 88 mm. The 
composition was 62 v/o copper, 26.5 v/o bronze, 9.2 v/o 

3 Nb, and 2.3 v/o Ta. Conductor made from this billet (at 
« 3.12 x 9.40 mm) was expected to have a critical current 
, of 3500 A at 12 T and 4.2 K. It was also expected to 

{ have adequate composite ductility. 
After extrusion and drawing to 8.3 mm diameter, cross 

I sections revealed a kind of center-bursting, in which one 
or two tantalum-clad Nb in bronze cores were broken at 

j various points along the length of the composite, Fig. 2. 
Apparently, the soft copper matrix does not provide adequate 
support for the cores after the bronze begins to work-
harden. Since earlier work with conductors containing 

I 34 and 50 v/o copper was successful (1, 2), it seems likely 
that this effect begins at a critical percentage of copper 

j in the range of 50 to 62 v/o. .Recent experience with other 
' conductors suggests that modification of drawing schedules 
, and annealing schedules should enable us to draw high-
{ copper composites satisfactorily. 

f Samples of this third-stage billet were drawn to 
8.25 and 6.1 mm diameter, reacted for 108 hours at 700eC 

j in argon, and delivered to LLL. Three samples, 800 mm 
long, at each diameter were delivered. 

f 
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It should be noted that conductors containing 62 v/o 
copper have been fabricated successfully (3, 4) by drawing 
copper tubing over wire from a standard third-stage billet 
containing 34 v/o copper, (see Fig. 3). Concentrating 
the Nb-bronze-Ta composite modules toward the center of 
the conductor and/or providing a copper network of 
relatively uniform thickness between the hexagonal 
modules may have had a beneficial effect on drawability. 

7. Preparation of Large Quantities of Bronze Stock for 
Future Work 

Copper, tin, crucibles and molds have been purchased 
for casting larger ingots of Cu-13 w/o Sn bronze. Six 
ingots 200 mm diameter x 610 mm long and two ingots 317 mm 
diameter x 610 mm long will be cast by vacuum induction 
melting using graphite molds and crucible. A yield of 
919 kg of ingots is expected. The 200 mm diameter ingots 
will be machined to 187 mm diameter first stage billets. 
The 317 mm diameter ingots will be machined to 301 mm 
diameter solid billets, extruded to approximately 160 mm, 
and machined to 152 mm diameter first-stage billets. 
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Fig. 1 Cross section of 2.9 mm diameter wire from 
standard second-stage billet containing 
15 v/o stabilizing copper. 35X 



-14-

Fiu. 2 Cross sections at various points along the lenqth 
of 8.3 nun diameter wire from third-staqe billet 
containing 62 v/o copper 11X 
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Fig. 3 Cross section of 102 163 filament conductor, 
3.3 mm diameter, containing 62 v/o copper, 
25X 



APPENDIX A 

INVESTIGATION OF THE CAUSE OF VARIABLE 
DUCTILITY FOUHD IN MULTIFILAMENTARY Nb^Sn CONDUCTORS 

M. Young and F.K, Kies 



INTRODUCTION 
Studies of Airco's multifilament NtuSn conductors by Lawrence 

Livermore Laboratory showed that the more recent lot of MP conduc
tors had an inferior tensile ductility at room temperature than 
the earlier ones. Conductor L-3 which was manufactured in FY-75 
showed 231 strain before fracture and conductor L-4 which was made 
in FY-76 showed only 1.5% strain before fracture. Although, it 
is well known that Nb3Sn filaments start to break at approximately 
0.9%' strain and irreversible damage would occur with 1.41 strain, 
good tensile ductility in Nb 3Sn multifilamentary conductor is a 
desirable character in magnet winding and design. 

A meeting was held on August 20, 1976 between LLL and Airco 
personnel about the problem of low strain to failure characteris
tics of recent conductor samples. Since the raw materials composing 
the final conductors, i.e. bronze, copper, and various bronze-
niobium composites, were processed differently for earlier and 
later conductors, it was decided to investigate the chemistry 
and mechanical properties of those earlier stock materials which 
were used in the "ductile" and "brittle" conductors. 

CHEMICAL ANALYSIS 
Complete chemical and gas analyses were performed on different 

lots of final conductors, and the results are shown in Table I & 
II. All impurity levels were low and in the parts per million 
level. Furthermore, the level did not change appreciably from 
one sample to another with the possible exception of aluminum 
content which varied from 2.2 ppm for sample L-3 to 25 ppm for 
sample L-4. 

PROCESSING OF THE OLD STOCK MATERIAL 
A number of bronze-niobium composites, bronze, copper-bronze-

niobium-tantalum composites were processed to the standard 1 KA 
size, i.e. 1.68mm x 5.0mm. Sample identification and history are 
given in Table III. All samples were fabricated with the sample 
reduction schedule i.e. approximately 50 pet reduction between 
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annealing, and were heat treated in the same furnace at the same 
| time. No difficulties were encountered in processing. 

j MECHANICAL PROPERTIES OF THE OLD STOCK MATERIAL 
Table IV shows the mechanical properties of different lots 

, of bronze, bronze-niobium composite- and copper-bronze-niobium-
I tantalum composite samples. Both bronze and bronze-niobium 

composites showed good tensile ductility and the same tensile 
' strength after 7QQ°C heat treatment. The copper-bronza-niobium-

tantalum composite also showed good ductility after 4 days heat 
treatment at 700°C. Sample #12 which contained 13% Sn in the 
bronze matrix became brittle after heat treating at 750°C for 
3 days. The diameter of each individual Kb filament in sample •' 
#12 and §13 was about five times larger than the filament size 
of the final conductor. The diameter of each Nb filament in 
sample #1 and #5, which contained 19 niobium filaments in a 
bronze matrix, was about 75 times larger than the filament size 
of the final conductor. Since the amount of ffl^Sn formed is 
proportional to the surface area of niobium filaments with the 
same heat treatment temperature and time, the amount of Nb3Sn 
formed in these samples with a 4 day - heat treatment at 700°C 
was small. 

MECHANICAL PROPERTIES OF THE FINAL CONDUCTORS 
Various samples of the final conductors were heat treated 

at 650°C and 700°C for different times. Tensile tests were 
performed on these specimens on a Instron Machine with an 
extensometer. The cross head speed was 0.5mm per minute until 
0.2% offset and then a 2.5mm per minute cross head speed was used 
until fracture. The tensile properties are listed in Table V. 

The as-annealed samples (650°C/1 hr) have good tensile 
ductility. Good ductility was also observed in specimens re
acted to form low volume fractions of Kb3Sn. 

Ductile specimens generally yielded at a lower stress level. 
This was followed by a fairly constant flow stress vath occasional 
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blips in the load. Acoustic emission studies done by Old ar.i 
Charlesworth ' have shown that these blips in the load level 
ace contributed by breaking of the Nb3Sn filaments. Britt.'s 
specimens generally strain harden faster than the ductile 
specimens end fracture strains of 1-24 occur without a constant 
flow stress region. The fracture was always brittle in nature 
and often occurred in the grip. Fig. 1 shows an actual load -
elongation curves for typical reacted brittle and ductile 
specimens along with the same samples annealed at 650°C for 
1 hr. 

MICROSTR'aCTURE ANALYSIS OF THE REACTED SAMPLES 
Both transverse and longitudinal cross sections of the various 

reacted and unreacted samples were mounted anc examined under the 
optical and scanning electron microscope. 

On a longitudinal cross section of a ductil tensile tested 
specimen, extensive Nh3Sn filament breakage was found which 
showed >10% strain before fracture. The cracks are very uni
formly distributed all along the length cf the specimen. The 
brittle specimen, on the other hand, had very few cracked Nb,Sn 
filamentsaway from the fracture surface and cracks in the Nb 3Sn 
filament were concentrated near the fracture surface. Examininr; 
the fracture surface with a'SEM showed that both brittle and 
ductile specimenshad good micro-ductility at the fracture surface, 
with the bronze, tantalum, copper and niobium core showing exten
sive necking. 

Since the fracture strain of the brittle and ductile specimen 
differed greatly, it yas difficult to compare the crack density 
and the nature of crack propagation in the M^Sn filaments. Two 
wires #94, #150, one ductile and one brittle, were straired the 
same amount, 1.25%, and. the longitudinal section was examined. Both 
specimens showed some cracked Nb^Sn filaments and occasionally 
cracks were found to propagate through the unreacted niobium core. 
No obvious difference in crack morphology were found in the brittle 
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I 
J and ductile specimen. 

Table VI shows the micro hardness of each individual compo-
j nents in #94, #150 wire after reacting at 700°C for 2 days. 

Attempts were made to estimate the volume fraction of Nb^Sn 
I formed under various heat treatments temperature and time. The 

thickness of the l^Sn layers were measured on photo micrographs 
( of the cross section. An average thickness was obtained 'rom 
' 152 measurements. Assuming that as the average filaments are 
i eliptical in cross section, with an aspect ratio of 3 the area 
<t of the Kb3Sn layer was then the calculated. The volume fraction 

of the Nb3Sn layer is listed in Table V. 
I Voids were observed at the bronze - Nb3$n and Nb,Sn - Hb 

interfaces during the final heat treatment. No correlations 
I were found between void density and tensile ductility. The 

average number of voids per filaments of various samples were 
| also listed in Table V. 

Fig. 2 shows a plot of fracture strain as a function of 
j volume fraction of Nb3Sn formed under various heat treat condi

tions and various sample lots. Tensile ductility dropped sharply 
j when the volume fraction of Nb3$n formed in a multifilament 
! conductor reached "10%. There was some scatter in this ductile 
I to brittle transition. A major reason for this scatter could 
i be contributed by the difficulties in estimating the volume 
, fraction of Rb3Sn formed. 
1 Although the loss of ductility by increasing the volume 

fraction of the brittle phase is documented in literature, the 
| mechanism which leads to this phenomenon is not well understood. 

Since cracks always started in the mb^Sa filaments, phases 
adjacent to this brittle filament would be an important factor 
in determining the overall ductility. The spacing between the 

J Iti^Sn filaments could also be important. A larger inter-filament 
spacing may deter crack preparation in adjacent M^Sn filaments. 
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CONCLUSIONS 
Chemical analysis of various samples showed that all impurity 

levels are low, and the impurity level did not change substantially 
between different sample lots. 

Samples of bronze, bronze-niobium composite and copper-
bronze-niobium-tantalum composite from intermediate packing sts._-.-.s 
were processed to 1.68mm x 5.0mm size. No difficulties were 
encountered in processing and all samples showed good ductility 
after heat treating at 70CC for 4 days. A 13% Sn bronze compos
ite containing 5377 niobium filaments exhibited low ductility 
after a 3 day - heat treatment at 750°C. The volume fraction of 
Nb3Sn formed in this specimen was estimated to be 15%. 

Fracture of Nb3Sr. layers have been observed at 1.235 strair 
in both ductile and brittle specimen. No difference in crack 
density and crack propagation pattern was observed in ductile 
and brittle specimens. 

Before final heat treatment, all samples show good ductility. 
Samples reacted at lower temperaturesand shorter tim?s also showed 
good tensile ductility. A sharp drop in ductility was only 
observed when the volume fraction of M^Sn exceeded 101. This 
loss in ductility was observed both in multifilament Nb3Sn 
superconductor ^ 'as well as composite material containing 
brittle dispersed phase ' •̂  '. 

Micro ductility was observed at the fracture surface in both 
ductile and brittle samples. It was believed that the bronze, 
copper, tantalum and niobium were ductile in nature even in the 
samples which showed poor over all tensile ductility. The ductile 
sample seemed to be able to elongate considerably, while the 
brittle specimen fractured catastrophically once the Itt̂ Sn 
filaments started to break. 

No major differences in material, processing procedure and 
heat treatment could be found between the brittle and ductile 
conductors. The major factor in determining the ductility of a 
multifilamentary Nb3Sn conductor at room temperature is the 
volume fraction of Nb3Sn formed. 
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TABLE I 
— . 

CHEMICAL ANALYSIS OF DIFFERENT LOTS OF ; 
Nb-sSn COMDUCTORS. ALL IN ppm Wt. > 

i 

| 
L-3 L-4 L-5 L-7 L-8 L-169 '. 

Bi <.l <.l <.l <.l <.l <.l 
Pb .38 1.1 .76 .89 1.1 .67 
W <.17 <.17 <.17 <.17 <.17 <.17 
Te <.18 <.18 <.18 <.18 <.18 <.18 
Sb .62 .62 .62 1.1 .54 .54 
F .59 <.l <.10 <.l <.l <.l Cd <.26 <.26 <.26 <• 26 <.26 <. 26 
Ag 5.8 3.3 4.2 2.7 7.7 5.8 
Mo .38 .32 .28 .81 .19 .3] 
No. .38 <.l .11 <.l <-l <.l 
Zr .61 <.l .14 .24 .16 .35 
Se 1.9 .94 .94 .94 1.8 .44 
As .39 .28 .28 .39 .39 .28 
Ga .18 
Zn .18 .50 .31 .50 .36 
Fe 28 18 J3 33 33 33 
Mn 5.1 3.1 3.1 3.1 3-1 <.l 
Cr 4.6 16 5.8 16 5.8 .58 
Ti 6.1 1.1 6.1 1.1 9.1 .61 
Ca <.28 .23 .39 .39 .34 . <-28 
K .06 .12 .06 .24 .02 .12 
CI .78 2.2 1.2 1.2 4.4 4.4 
S 14 9. 6 16 16 16 6.9 
Si 6.1 1.4 2.8 2.8 2.8 2.8 
Al 2. 2 25 2.5 9.4 6.9 3.B 
Mg 1.4 . 99 1.4 .99 1.4 1.4 



TABLE _££ 
GAS ANALYSIS 
CONDUCTORS. 

OF DIFFERENT LOTS 
ALL IN ppm Wt. 

OF _Nb 3Sn_ 

°? . . H 2 _ CH^ G 2 C 3 C N 
94 4 5.5 .14 1.1 .19 38 7 

169 3 2.5 .10 1-4 . 29 11 7 
L-3 3. 5 2.7 .07 .07 .15 <5 5 

* L-4 4 3.6 .03 .13 .18 15 8 
L-7 3. 5 3.4 .05 .12 .21 6 3 
L-8 6- 6 9 .14 .15 .22 3 4 

i 



TABLE I I I ; PROCESSING HISTORY OF VARIOUS STOCK MATERIAL FOR Nb ..Sn CONDUCTORS 

Sample F i n a l c o n d u c t o r 
N o . mate r i a l 

p a c k i n g 

* 1 # 94 

S t a r t i n g s i z e 

. 2 38" f t f 
(6.0mm) 

1 s t e x t r u s i o n 
s t o c k 

M a t e r i a l C o n f i g u r a t i o n E x t r u d e d a t 

19 Nb f i l a m e n t i n 10% 
Sb b r o n z e 

RMI 

* 2 « 9 4 . 2 3 8 " f t f 
(6.0nun) 1 s t . 
e x t r u s i o n f i l l e r s o l i d b r o n z e RMI 

# 5 #150 . 2 6 1 " f t f 
(6.6mm) 1 s t . 
e x t r u s i o n s t o c k 19 Nb f i l a m e n t s i n 10% 

Sn b r o n z e 
AIRCO 

• 6 #150 . 2 6 1 " f t f 
(6.6ram)' 1 s t 
e x t r u s i o n f i l l e r S o l i d B r o n z e AIRCO 

# 9 #16 8 . 3 6 0 5 " f t f 
(9.2mm) 1 s t 
e x t r u s i o n s t o c k 

19 Nb f i l a m e n t s i n 10% 
Sn b r o n z e 

R o t a r y f o r g e d a t V i k i n g , 
l a t e s t IIIIIJ s t o c k 

# 1 0 #169 . 4 4 5 5 " f t f 
(11.3mm) 1 s t 
e x t r u s i o n s t o c k 

19 Nb f i l a m e n t s i n 13% 
Sn b r o n z e 

m a c h i n e d f rom a s c a s t i n g o t 

#12 #169 4605" dia. 19 x 283 Nb filaments 
in 13% Sn Bronze with 
Ta, Cu j acket 

RMI 

S 1 3 «149 . 3 7 6 " f t f (9.6mm' 19 x 187 Nb f i l a m e n t s 
2nd e x t r u s i o n i n 10% Sn b r o n z e w i t h 
nVock I T a , Cti j a c k e t 



*, 

» 2 t « 

TABLE IV i 

19 

MSC3IAHICAX. PROPERTIES OF VARIOUS SAMPLE 
112 112 113 

LOTS 
113 1 1 ts 

Type o f 
Samnle B r o n z e B r o n z e 

19 Mb f i l a 
menta i n 
b r o n z e 

19X2B3 Nb 
f i l a m e n t s I n 
1 3 * S n - b r o n z e - 1 

1 9 x 1 8 7 Mb 
f i l a m e n t s i n 
l o a s n - b r o n z e 

> 19 Nb f i l a 
ment i n 
b r o n z e 

•' 

l i e a t 
t r e a t m e n t 700*C/3D 700*C/2B 700*C/4D 700 , , C/4D 750<>C/3D 700*C/4D 750»C/3D 7 0 0 ° C / 4 D 7 0 0 ° C / 4 D 
X i e l d 
S t r e n g t h 
.2\ KSI 
(HP a) 2 2 . 3 

( I S 3) 
2 2 . 3 
(15 3) 

2 3 . 0 
(159) 

39 
(269) 

39 
(269 ) 

3 9 . 6 
( 2 7 2 ) 

1 6 . 3 
(115 ) 

1 6 . 3 
( 1 1 5 ) 

T e n s ! l e 
S t r e n g t h 
KSI (NPa) 04 

(579 ) 
79 
(545) 

4 8 . 1 
(332) 

3 9 . 6 
(274) 

3 0 . 4 
(258 ) 

3 9 . 6 
(272 ) 

4 1 . 9 
(289 ) 

4 7 . 7 
( 3 2 9 ) 

4 8 . 9 
(337 ) 

% 
B l o n g a t i o r 6 7 8 1 6 3 1 3 . S 0 3 5 3 1 6 5 6 5 

A p p c o x . 
f i l a m e n t 
s i z e corn-
p a c e d t o 
t h e f i n a l 
c o n d u c t o r 

• 

75 D 5 D 5 D 3 D 5 D 75 D 75 D 

Remarks Broke in_ J a w s B r i t t l e 
b r o k e i n 
Jaws 



TABLE V 

Strain 
Mn/m 2 

1% Y.S. 
# 
Filament 

94-700°C-4 days 
94-700°C-2 days 
94-650"C-2 days 
94-650°C-l hr. 

1.1 
19 
24 
33 

304 
279 
307 
335 

67,507 
67.507 
67,507 
67,507 

150-650°C-1 hr. 
150-650°C-8 hrs. 
150-650°C-2 days 
150-700°C-2 days 

38 
27 
1.5 
1.4 

350 
350 
357 
352 

67,507 
67,507 
67,507 
67,507 

169-650°C-I day 
169-700°C-6 hrs. 
169-600°C-3 days 

5.4 
1.4 
1.2 

327 
3 J4 
350 

102,163 
102,163 
102,163 

Billet 94 
L-1-650°C-1 day 
L-2-650°C-3 days 
L-3-650°C-4.5 days 

25 
25 
23 

274 
298 
303 

67,507 
67,507 
67,507 

Billet 150 
L-4-650°C-4 days 1.5 292 67,507 
Billet 95 
L-5-650°C-2 days 3.8 292 259,359 
Biilet 149 
L,-6-650"C-2 days 
L-7-650°C-4 days 1. 5 

1.5 
297 
297 

259,369 
259,369 

Billet 94 
JJ-8-650°C-4.5 days I,-9-650oC-2 days 29 

29 
238 
213 

67,507 
67,507 

KA 
AMP 

% 
Nb 3Sn 

Voids/fil. Sn in Matrix 
after reaction 

1 
1 
1 
1 

13 
12.5 
11 
0 

2.6 
1.3 2.1 

2.5 
10 

1 
1 
1 
1 

0 
4.4 
9.2 

12 

10 

1 
1 
1 

16-5 
14.9 
11.6 

1.9 
3.2 
3.7 

5.8 
7.2 

1 
1 
1 

11.2 
11.5 
11.4 

2.5 
2.0 
2.0 

4.4 
3.8 
3.4 

1 10.6 3.8 4.3 

3 12.4 2.6 4.2 

3 
3 

10.7 
12.9 

5.7 
3.4 

4-3 
3.3 

3 
3 

10.3 
8.9 

8.3 
6.8 

5.6 
6.2 



TABLE VI 
KNOOP HARDNESS OF INDIVIDUAL COMPONENTS 

OF L-3, L-4 CONDUCTOR, REACTED 700*^ FOR 2 DAYS 

Bronze Ta Cu 
# 94 121 ±17 163+6 8 5 + 8 

j? 150 132 + 16 166 ±19 87 ± 5 | 

i 
! 

I 
I 

I 
[ 
I A-14 
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MECHANICAL PROPERTIES OP MULTIFIIAMENTARY 
Nb 3Sn SUPERCONDUCTORS 

E. Adam, E. Gregory and F.T. Ormand 

Airco, Inc., Central Research & jngi:Bering Laboratories 
Murray Hill, New Jersey 07974 

INTRODUCTION 
Although a number of successful magnets have been wound 

from Nb,Sn superconductors, the low ductility of these conductors 
has prompted investigations of the mechanical properties of 
composites containing Nb 3Sn. Various measurements have indicated 
that critical currents (Ic) of multifilamentary M^jSn super
conductors are degraded irreversibly at elongations from 0.4 to 
3% . For practical monolithic conductors, our experience 
has indicated that the maximum safe bending strain (for handl
ing reacted conductors and winding magnets without degradation 
of I c) is about 0.6%. 

In some cases, a multifilamentary ttt̂ Sn conductor appears 
undamaged at strains far greater than those required to degrade 
I c. In other cases, the entire composite fractures at 0.6 to 
1.5% strain. Both McDougall'1' and Old and Charlesworth[3] 

have indicated that the volume percentage (v/o) of brittle 
Nb^Sn phase in multifilamentary Nb 3Sn superconductors is the 
major factor in determining the ductility of the overall 
composite. 



We have investigated the effect of the v/o of Nb 3Sn on 
composite ductility by tensile testing a series of multi-
filamentary Nb,Sn superconductors. The v/o of NbjSn in 
these conductors was varied by adjusting the fraction of 
stabilizing copper, the size of the filaments, the bronze 
composition, and the time and temperature used for Itt̂ Sn 
formation. I c measurements were made which verified that 
useful conductors could be produced with reasonable ductility. 

Tensile Testing 
Samples were tested at room temperature in an Instron 

machine. Strain rates of 0.02% per second were used for the 
first few % strain, increasing to as high as 0.2% per second 
for extended ductility. Strains up to 5% were measured with 
a clip-on strain gauge. Larger strains were determined by 
re-assembling the broken pieces after failure. 

Rectangular Conductors Containing 34 y/o Copper 
A series of standard rectangular conductors with 3:1 

aspect ratio, a twist pitch of 7 to 10 times conductor width, 
and either 10 or 14 weight % (w/o) tin in the bronze phase 
were reacted at 600 to 700°C for times from 6 to 108 hours. 
The number of filaments varied from 67 507 to 259 369 
and the initial Nb filament diameter varied from 4.0 to 
4.5 urn. 
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Typical stress-strain curves for these conductors (and 
others described later) are shown schematically in Pig. 1. Samples 
characterised as "brittle" broke abruptly at 1 to 1.5% 
strain at stresses of 274 to 357 MPa. Samples characterised 
as "ductile" reached a plateau of nearly constant stress 
around 1* strain at 274 to 350 MPa and broke at 3.8 to 
27% strain. 

The v/o of Nb,Sn in each sample was calculated from 
the average diameters of the filaments and of their un-
reacted Nb centers. These were measured from photomicro
graphs of conductor cross-sections. The fracture strain 
of these composites is plotted as a function of v/o tft̂ Sn 
in Pig. 2. 

The transition from ductile to brittle behavior 
occurred over a range of 9 to 12.5 v/o for these rectangular 
conductors containing 34 v/o copper. 

Effects of Additional Stabilizing Copper 
A more detailed investigation of mechanical and electrical 

properties was made using a series of conductors in which the 
v/o of stabilizing copper was increased to 62 v/o. These 
conductors were all made from a monolithic 102 163 filament 
composite rod consisting of 19 tantalum-clad modules in a 
copper matrix. (See Pig. 3) Each module contained 5377 
niobium filaments in a Cu-14 w/o Sn bronze matrix. The initial 
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* composite contained 34 v/o Cu, 4 v/o Ta, 15.9 v/o Nb, 
( and 46.1 v/o bronze. 

1 Type A. Part of the initial composite was drawn to 
3.3 mm diameter: 34 v/o Cu, 5.3 mm 2 cores (bronze + Nb). 

j (Fig- 3) 
Type B. Part of the initial composite was loaded in 

a Cu tube and drawn to about the same core area as A: 
4.4 mm diameter: 62.4 v/o Cu, 5.4 iran̂  cores. (Fig. 4) 

Type C. A portion of B was drawn to 3.3 mm diameter: 
62.4 v/o Cu, 3.0 mm cores.(Fig. 5). 

Type D. A portion of B was "Turks-Head" rolled and 
rectangular die drawn to 1.7 x 4.9 mm: 62.4 v/o Cu, 3.0 mm' 
cores. (Fig. 6) 

None of the conductors in this series were twisted. 
Samples of conductors A, B, C, and D were reacted at 700°C 
for times from 2.3 to 74 hours in an argon atmosphere. 
(Table I and Fig. 7-10) 

Typical stress-strain curves for "brittle" and for • 
"ductile" conductors are sketched in Figure 1. In most 
cases, samplescontaining 34 v/o copper reached the plateau 
or broke abruptly at a stress of 280 to 290 MPa while 
samples containing 62 v/o copper did the same at a stress 
of 170 to 190 MPa. 



The yield strain and fracture strain data are summarized 
in Pig. 7-10. The lower branch of each curve shows the beginning 
of the plateau, while the upper branch shows the strain at 
which the entire composite breaks. When long reaction times 
combine with low volume fractions of Cu and smaller or flattened 
Nb filaments to produce a higher volume^r««tion of Nb 3Sn, the 
two branches merge. Then the entire composite breaks abruptly. 

Electrical Testing 
After the initial tensile data had Bean, evaluated, 

additional samples were reacted for I c measurements. Reaction 
times at 70QI,C were chosen to correspond to _the regions of 
Fig. 7-10 where the ductility showed a sharp increase. 
Critical currents measured at 10 T and 4.2 K are listed 
in Table I. Because of the short sample lengths (about 
67 mm) the accuracy of these measurements at thousands of 
amperes is necessarily limited. However, the values obtained 
are reasonably consistent with each other and with critical 

T71 core current densities reported earlier J. 

Tensile tests on samples from this series are summarized 
in Table I and Fig. 7-10. 

Kb^Sn Formation 
The cross-sectional area and volume percentage of Nb,Sn 

formed were approximated from measurements on photomicrographs 
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of cross-sections of each of the samples prepared for 
electrical testing. These values, given in Table I, 
were used in calculating critical current densities, 
j c , in the NbjSn. For round samples, a 1200x photo
micrograph taken near the center of each conductor for 
each reaction time was assumed to be representative 
of the entire conductor. A few filaments in each ohotdl-
micrograph were selected as representative. For each 
of these filaments/ the major and minor axes of the 
entire filament were averaged and the major and minor 
axes the unreacted Nb core were also averaged. These 
average diameters were used to calculate the fraction 
of each selected filament occupied by Nb and by NbjSn. 
The average of the fractions of Nb,Sn in each of the 
selected filaments was assumed to be representative of 
all of the filaments in the sample. The initial diameter 
of representative unreacted Kb filaments was calculated 
from the conductor diameter, the volume percent of Nb, 
and the number of filaments. The initial filament 
diameter, the fraction of Nb 3Sn in the reacted filament, 
and the 37.5% volume expansion' J in forming Nb3Sn from 
Nb were used to calculate the cross-sectional area of 
Nb 3Sn in a representative filament in each sample. 
Multiplying by the total number of filaments gave the 
total cross-sectional area of Nb 3Sn in each sample. 
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k similar procedure was used for the rectangular samples 
(Type D). In this case, however, a rectangular filament 
model was used and filaments from both central and edge 
regions were included in the average. 

The errors involved in this procedure are difficult 
to evaluate with precision. We infer from the reasonable 
values of i obtained that the areas are correct to a c 
precision of ± 20%. 

Discussion of Results 
Critical current densities, j c , in J^Sn at 4.2 K and 

2 
ID T varied from 1.9 to 2.8 kA/mm . This is consistent with 
an average value of 2.35 kA/mm2 + 194, and may simply indicate 
the error in determining cross-sectional areas of Nb.Sn. 

core 
Critical core current densities, J c , in the bronze + 

Nb + Nb^Sn core regions increase with increasing reaction 
core 

time for a given filament size. Highest J c values were 
obtained from conductors containing 62 v/o copper and large 
enough filaments to permit long reaction times before 
producing a sufficient fraction of Nb^Sn to become brittle. 
After 45 hours at 700°C, conductor B had adequate ductility, 

core , " 
a J c of 694 A/mm , and an overall J c of 245 A/mm . 

Conductor A, containing 34% copper, is ductile 
for Nb 3Sn between 12 and 15 v/o. Conductors B and C, 
containing 62 v/o copper, are ductile for Nb 3Sn£.10 v/o. 



Conductor D is still brittle at 8 v/o NbjSn. A simple rule 
of v/o brittle phase for ductile composites does not appear 
to be possible. The low tensile modulus of annealed copper, 
the non-uniform distribution of copper, and/or imperfect 
bonding of added copper to initial composite may account for 
lesser effectiveness of copper in prompting ductility. The 
higher value of 15 v/o Nb,Sn for ductile behavior reported 
by Old and Charlesworth1 ' was obtained from samples con
taining only bronze, Nb, and Nb^Sn. 

Conclusions 
Nb 3Sn superconductors of the type described here are 

lively to be irreversibly degraded by room temperature strains 
exceeding 0.61 to possibly 1%. Nevertheless, a number of 
successful magnets have been wound from reacted multifilamentary 
tft̂ Sn superconductors by observing a few elementary precautions 
regarding minimum bend radius, care in winding and in handling 
the conductor, and adequate mechanical support. The main 
distinction between a "brittle" and a "ductile" conductor is 
that the brittle one breaks apart when its superconducting 
continuity is destroyed by break-up of l^Sn, while the ductile 
conductor remains physically intact after its superconducting 
continuity is destroyed. 

For applications requiring intrinsically stable super
conductors operating near I c, with just enough copper for 
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quench protection, "brittle" conductors should be quite 
adequate provided care is taken during handling. 

Fr>r applications requiring cryostable conductors, it 
is desirable that the composite remain physically intact 
even if l c is degraded in a few limited regions. The 
large volume fractions of copper required for cryostatic 
stability should insure ductile composite behavior. 

Recent data obtained by Deis, Hirzel, Rosdahl, Roach, 
Freynick and Zbasnik1 J on similar conductors indicate 
that multifilamentary Nb 3Sn superconductors are no less 
ductile at 4.2 K than at room temperature. This supports 
our observations that if such conductors are wound into a 
coil without damage at room temperature, they will remain 
undamaged during operation at 4.2 K if they are provided 
with adequate mechanical support. 
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TABLE 1. 

DESCRIPTION AND PROPERTIES OF 

CONDUCTOR TYPES A, B, C AND D 

Conductor Type A B C D 

No. of Filaments 102 163 
Conductor Size (mm) 

Conductor Cross 
Section (mm2) 

Initial Nb 
Filament Dia. (pa) 

3.3 (dia.) 

8.55 

4.12 

4.4 (dia.) 

15.21 

4.13 

3.3 (dia. 

8.55 

3.10 

1.7 x 4.9 

8.33 

3.06+ 

Cu 
Composition Ta 

( v / 0 ) Bronze 
Nb 

34.0 
4.0 
46.1 
15.9 

62.4 
2.3 
26.3 
9.0 

62.4 
2.3 

26.3 
9.0 

62.4 
2.3 
26.3 
9.0 

Core Area (Bronze 
+ Nb) (mm2) 5.30 5.37 3.02 2.94 

Time at 700CC (hr) 9.6 14.5 45 74 13 17.7 5.2 9.6 

I c (10 T, 4.2 K) (kA) 

Area Nb^Sn* (mm2) 

j (Nb3Sn)* (*A/mm2) 

J c (core) (A/mm2) 

J c (overall) (A/mm2) 

v/o Nb3Sn* 

% strain composite 
begins yielding 

% strain composite 
fractures 

1.95 

1.04 

1.9 

368 

228 

12 

1.0 

2.4 

2.83 

1.31 

2.;. 

534 

331 

15 

0.90 

0.90 

3.73 

1.54 

2.4 

694 

245 

10 

1.15 

5.0 

3.85 

L.37 

2.8 

716 

253 

9 

0.85 

1.35 

1.83 

0.82 

2.2 

605 

214 

.10 

1.05 

4.0 

1.98 

0.86 

2.3 

656 

232 

10 

1.0 

1.45 

1.63 

0.67 

2.4 

554 

195 

8 

0.90 

0.90 

1.74 

0.80 

2.2 

592 

209 

10 

0.85 

0.35 

Filaments Flattened, Diameter Given for Same Filament area. 
Estimated Accuracy is ± 20% 



STRESS 
1 

274 to 357 MPa 
for 34 V/0 Cu 
170 to 190 MPa 
for 62 V/0 Cu 

nnnTILE COMPETE RESPONSE. 

I BRITTLE 
1 COMPOSITE 
, RESPONSE 

STRAIN 
DUCTILE YIELD 

OR BRITTLE FRACTURE 
0.7- 1.6 % 
STRAIN 

DUCTILE COMPOSITE 
BREAKS 

I.I - 2 8 % 
STRAIN 

TYPICAL STRESS-STRAIN CURVES FOR 
DUCTILE AND FOR BRITTLE CONDUCTORS 

FIGOBE 1 
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1 — i — i — I — I — I — I — I — i — I — I — i — i i r 
o 67 507 FIL, 4.5/t m DIA. 10 W/0 Sn BRONZE 

1.7 x 4,9 mm OVERALL 
D 259 369 F1L, 4.3/tm DIA. !0*/o Sn BRONZE 

3.1 x 9.4 mm OVERALL 
• 102 163 FIL, 4.1 /im DIA. l4W/0 Sn BRONZE 

1.7x 4.9mm OVERALL 

» ' ' ' ' ' L_J-
I 2 3 4 5 6 7 8 

TTf 
10 II 12 13 14 15 16 17 

% VOLUME Nfa3Sn 

FRACTURE STRAIN VS. V / 0 Nb3Sn FOR 
RECTANGULAR CONDUCTORS CONTAINING 34V/0 COPPER 

FIGDRE 2 
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FIG. 3 

TYPE A CONDUCTOR. 
3.3mm DIA. 25 X OVERALL VIEW. 
1200 X FOR SAMPLES REACTED AT 
700°C IN ARGON FOR TIMES OF: 
14.5 HOURS AND FOR 9.6 HOURS 



R ^ 
Eft 

A #5 
FIG. 4 

TYPE B CONDUCTOR. 

4.4mm DIA. 15 X OVERALL VIEW. 
1200 X FOR SAMPLES REACTED AT 
700°C IN ARGON FOR TIMES OF: 
74 HOURS AND FOR 45 HOURS 
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FIG. 5 

TYPE C CONDUCTOR. 

3.3mm DIA. 25 X OVERALL VIEW. 
1200 X FOR SAMPLES REACTED AT 
700°C IN ARGON FOR TIMES OF: 
17.7 HOURS AND FOR 13 HOURS 



FIG. 6 

TYPE D CONDUCTOR. 

1.7 X 4.9mm. 25 X OVERALL VIEW. 
1200 X FOR SAMPLE REACTED AT 

700°C IN ARGON FOR 9.6 HOURS 
(Near Edge of Conductor and Near Center) 
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CONDUCTOR TYPE A i—rrr 
• DUCTILE YIELD 

DUCTILE COMPOSITE BREAKS-
• BRITTLE FRACTURE 
Y SAMPLES USED FOR Ic 

I 1 1 1 ) 1 1 1 
4 5 6 7 8 9 1 0 15 20 30 40 50 607060 

REACTION TIME (HOURS) AT 700° C 

STRAIN VS. REACTION TIME FOR TYPE A CONDUCTOR 
3 4 V/o Cu, 4.1/trn FILAMENTS BEFORE REACTION 

F1GDRE 7 
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A A DUCTILE COMPOSITE BREAKS \ | . 111\ 

Y SAMPLES USED FOR Ic V ,, V. 

V f f l 
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""A1 

I M I N I I I I L 
Z 3 4 5 6 7 8 910 15 20 30 40 50 607080 

REACTION TIME (HOURS) AT 700°C 

STRAIN VS. REACTION TIME FOR TYPE B CONDUCTOR 
$2.4 V / 0 cu, 4.1pm FILAMENTS BEFORE REACTION 

FIGURE 8 



4 5 6 7 8 9 1 0 15 20 30 40 50 607080 
REACTION TIME (HOURS) AT 700#C 

STRAIN VS. REACTION TIME FOR TYPE C CONDUCTOR 
62.4Y/0CU, 3 . 1 ^ FILAMENTS BEFORE REACTION 

FIGURE 9 
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4 5 678910 15 20 30 40 50 607080 
REACTION TIME (HOURS) AT 700°C 

STRAIN VS. REACTION TIME FOR TYPE D CONDUCTOR 
62.4V/0Cu t3.l^m NOMINAL FILAMENT "DIAMETER" BEFORE REACTION 

FIGURE 10 


