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Abstract

During thié reporting period, April- 1l to June 30, 1975, ac dielectric
breakdown and partial discharge measurements were carried out on several
new polyolefin filmé immersed in liquid helium at atmospheric pressure.
The average breakdown strengths ranged from 135 to 220 MV/m, and were
.close to the breakdown strengths for the other materials already tested.
Analysis of thelpartiai discharge incéption voltages for all of the
materials tested sb far shows that the major determinant of partial
discharge inception is thé breakdown voltage of the helium layer in
series with the film.

In cher‘experiments on Valeron polyethylene with both film and
electrodes gompletely.encapsulated by epoxy, breakdown occurred with no
observable partial dischérge. The.partial discharge sensitivity was the
same as used for the unencapsulated film experiments. Thé breakdown
strength with encapsulation was slightly higher than without.. The
temperature was varied from 4.2 K to 300 K, but no influence on fhe
breakdown strength was observed.

Breakdown tests with ac voltage were carried out on liquid helium
between ASTM electrodes. The peak breakdown voltages measured on the
first run were somewhat lower than the préviously measured dc voltages.
After repolishing the electrodes, another run in which both dc and ac
breakdown voltages were taken showed good agreement. However, the
voltageé Qere now about 30% higher than those of the first run, and were
close to the ASTM standard for C-10 oil. It is suspected that contam- -

ination in the helium is responsible for the variable results.
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Progress is reported in the construction of the High Voltage
Cryostat. A lifting mechanism for the large dewar tank is being fabri-
cated, and the vacuum system is complete. Both of the small cryostats
IVl and IV2 were operated successfully during the quarter, although IV2
eventually failed during ac operation above 50 kV rms. IV3, the 33 cm
diameter cryostat, will soon be ready for leak checking.

The fabricatiop and oil impregnation were completed on a new Kraft
paper interwinding insulation cylinder for transformer B of the Hipo-
tronics 700 kV ac test set, and final reassembly will begin soon.

As of the end of this reporting period, the program on. ac losses in
superconductors was terminated by decision of ERDA-DEES. The final"
report of this project summarizes measurements of the ac losses in Nb3Sn
prepared by several different methods. An electronic method was used in
which the losses were detected by a lock-in amplifier connected to
appropriate pickup coils wound around the sample. A correction was
applied for eddy current losses in the pickup coils. The loss per unit
area per cycle was found to be linearly dependent on applied field fre-
quency, with a cbnsiderable hysteretic component remaining at zero -
frequency. * The hysteretic component was about two orders of magnitude
lower for NbBSn prepared by a solid state diffusion method:than for
material formed by tin-plating a niobium sample, with similar reaction
heat treatments in both cases.. Higher hysteretic losses were associated
with greater surface roughness of the sample. In contrast, the frequency-
~depeéndent loss contribution did.not appear to be strongly influenced by

surface roughness.
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Méasufemeﬁts on M6-25 Re, a material kno&n to have overwhelmingly
' hys;eretic*losses, shéwed ﬂd'onidus frequeﬁéy dependence at any field
"amplitude over fhe fquhency range investigatéd (40-100 Hz). Hence the
frequency—dependgnt ;osées obsefvea'ﬁith NbBSn afe.nOt a systemgtic
efféct originating in the appafatug{

| In #he a;uminﬁm dispérsioh<hérdehing'stﬁdies, measurements of
'résidual‘regiétivity ?atid (RRR) vs ééiﬁg-giﬁé at yarious ;empératures
have been ca;ried ouf fof allo&s'ﬁi;hlseyéfalvdifferent gold‘coﬁcen;fa—
tioAS. Thé RRR iﬁcrgased with‘aging time, and thg ultimate total inc?ease
was gfeatéf'thg highef:the aging tgmperafure; An alloy with Q.lé wt %
gold aged 1000 hr ét 300;C showed the largés£ RRR incréase observed, a
factor'ofzzs, |

Pfeliminafy tensileltestslhavé>ﬁeen carried out on.the 0.12 wt 7%
‘Vailoy.A'However,.due to élippagé.bf tensile tester'grips,AtEe data is
not yet reliéﬁlé. - | | .

- Microhardness‘measurements‘on a 0.26 wt % alloy showed a prominent
hardness maximum after 10 hrs aging af 187°c. . Mofe“exténsive measure-
‘ments were hampered by the léck of suitable flat, parallel-sided specimens
’whlchlére now being fébficated{

SeVerai commercial fiber-reinforced alumiﬁum composites were prb—
cured for RRR tests. The values observed were between 2‘and 115 and
thus fér bélow.the high RRR standards required for a cable conductor
substrate. New fiber;reinférdgd composites are being fabricated‘in—
house witﬁ the‘Same.high RRR aluminum as used in the dispersion harden-

'ing experiments.



I. CRYOGENIC DIELECTRICS

A, Activity During Quarter

1. Experimental Equipment
a) High Voltage'Cryostats:

Fig. 1 is a photograph showing the present status of the High
Voltage Cryostat. The vacuum system has been completed, and the inner
tank and room temperature bushing have been evacuated to better than
l(]_5 torr with the diffusion pump and leak tested. A few electrical
circuits for remote control of the large gate valvés and for vacuum
- gauge instrumentation remain to be installed. A lifting mechanism for
the dewar incorporating four chain-driven ball screw jacks has been
designed and is under fabrication. The parts have been received for the
0.9 m diameter flat fiberglass head for closure-of the bottom of the
vacuum bushing, and this head is being assembled. We have placed
inquiries with ITE and with Westinghouse regarding the purchase of a
large conical insulator for higher pressures, and are waiting for replies.

'b) Intermediate Voltage Cryostats:

As stated in the previous quarterly report, the helium dewar
for IV2 was accidentally cracked during installation of the cryostat.
A new dewar was ordered, and in the meantime IV2 was operated in the
dewar for IV1., This did not éreatly impede theAexperimental program,
because experiments could bé carried out in one cryostat while the
electrodes or samples were being changed in the other. A pair of ASTM
electrodes were mounted in IV2, and the bushiﬁg was successfully condi-
tioned to 52 kV with ac voltage. The results of the ASTM ac experiments

are reported in Sectioun B.2, " No unusual dissipation was tound with ac



voltage. It appears that the source of the high dissipation observed
earlier in IVl was a very slow helium leak into the bushing vacuum. In
the last of the ac experiments at a gap of 11 mm, the voltage was raised
to 51 kV rms, and an arc inside the bushing produced a track on the G-10
disc. Evidently the safe voltage limits for IV1 and IV2 are about 100
kV dc and 45 kV rms ac. A new insulating disc made of Mycalex, a track-
resistant material, was installed on IV2 but the epoxy seal between the
disc and brass flange holding it leaked when the bushing was cooled.
Although the expansion coefficient of Mycalex is close to that of brass
at room temperature, it may be that excessive mismatch occurs at cryogenic
temperatures. If attempts to repair the seal are not successful,
another disc of G-10 fiberglass will be installed.

IVl operated with no failures throughout the quarter, and was
principally used for the breakdown.tests on solid polymer films.

Assembly of IV3, the 33 cm diameter cryostat, has continued. Due
to an engineering error in the shop drawings, the high voltage tube for
the vacuum bushing was 2.5 cm too short., This tube has been lengthened,
and the bushing should be ready for final leak checking early in the
next quarter. All of the parts necessary for mounting electrodes or
solid film samples are ready, and initial tests will begin as soon as
the leak checks are comﬁlete.

c) Power Supplies:

The fabrication of a special cylinder of Kraft paper insulation

for the repair of transformer B of the 700 kV ac Hipotronics test set
was completed during this quarter. The insulating cylinder was built as

described in the last quarterly report (see Appendix B, part II). The



vacuum and heating treatments were glmost'as described except that a
vacuum of 0.3 torr was used and the time at vacuum was. lengthened and

. interspersed with several flushes of dry nitrogen gas. The transformer
oil used for impregnationcontained 25 ppm of moisture before drying.
After heat treatment at AOfC under a vacuum of 0.3 toxr for 16 hours, the
moisture content dropped to 10 ppm. The impregnation of the paper was
carried out over a lé6-hour period at 40°C under a vacuum of 0.35 to 0.4
torr. The newly impregnated paper cylinder will be assembled in the
transformer during the next quarfer.

The 250 kV, 600J impulse génerator mentioned in the previous feport
is being built by the Universal Voltronics Corporation and is nearly
ready for acceptance tests., A member of the group will visit the factory
early in the next quarter to participate in these teéks.

d) Instrumentation:

In order to measure peak. impulse voltages accurately, a memory
impulse voltmeter has been ordered from Rosé.Engineering Corporation,
Delivery has been promised in November 1975. Other instrumentation
orders include a PAR 122 lock-in amplifier, a high-speed oscilloscope
camera fqr impulse studies, a helium flowmeter for boiloff rate measure-
ments, and a true rms-to-dc converter,

2. Collaboratiqn with Other Laboratories

On April 22, Blevins of ERDA-ORO, Long, Kernohan; Menon and
Schwenterly aptqnded a program review of the BNL SPTL Project. Although
no formal discussions were held between ORNL and BNL personnel, it was
suggested by E. Forsythe that the ORNL program also consider breakdown -

“of 806lid dielectrics-under fields with.substantial components parallel
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as well as perpendicular to the film surface. This information would

be useful in the design of stress cones. Shortly after this meeting,
several new polymer film samples were received from A. Muller of BNL. These
included extra sheets of some of the materials tested in the last

quarter, plus samples of four Cryovac polyolefin films. The results of
tests on these materials are given in Section B.1l. Several efforts'were
made to improve the experimental technique and arrive at values closer

to the intrinsic dielectric strength of the film, and these are also
discussed.

" On the day following the BNL review, a visit was made to the Linde
SPTL project at Tarrytown, New York. R. Meyerhoff and D. Bosack dis-
cussed their latest dielectric test results with liquid helium in the
first subscale cable test sections, and gave us a preliminary written
report. They expressed some concern that the observed impulse and ac
flashover values were considerably lower than the previous resultsl
obtained in liquid nitrogen with single spacers between sphere electrodes
or with three spacers between coaxial electrodes.

Telephone contact was maintained with the LASL SPTL Project during
the quarter. M. Maley informed us of their interest in a frozen oil
impregnated paper dielectric from a suggestion by thgir consultant, E.
Eich. However, so far no firm proposals for Hielectrics research have
been received from LASL. Near the end of the quarter, the LASL project
hired P. Chowdhuri to manage the dielectric aspects of the program,
and Chowdhuri is scheduled to visit us on July 29 to familiarize himself

with our program and discuss possible areas for collaboration. The



possibility of a visit to LASL by our consultant G..L. Sommerman is also
under discussion.v

H. M. Long attended a prbgresé review of the wofk on liquid ﬁelium
fluid flow and heat transfer at NBé—Boulder in May. Hopefully some of
the instrumentation for pressure, temperature, and flow measurement
under development tﬁere will be of'use in our programs.

A member of the group will attend>the yvearly progress review of the
dielectric loss work at NBS-Gaithersburg on July 15. A sample of G-10
fiberglass-reinforced epoxy will be submitted for loss measurements in
their new helium cryostat.

Requesté for data on liquid helium breakdown were received from M.
Rabinowitz of EPRI and E. Kessler of the National Accelerator Labora-
tory. We provided summaries of our own data as well as copies of other
applicable éapérs from the literature.

On June 30, Long and Schwentérly attended a meeting at the ERDA-
DEES officés to discuss further U.S.-Soviet cooperative efforts in SPTL
research, The members of the team which visited the USSR at the end of
March reported oh théir impressions of the trip and agreed to write up a
summary of possible further benefits of the collabsration.

3. Other Activity

The prospective collaborations with LASL will make expansion of
the group necessary if results are to be obtained within a reasonable
amount of time. A job description for a second technician has been filed

with the Laboratory Employment Department. We are also interviewing



candidates for another professional staff position. Dr. P. R. Eﬁtagé éf
Westinghouse Research Laboratories was interviewed on April 17-18, and
Dr. T. S. Sudarshan of the National Research Council, Ottawa, C;nada,
visited on July 9-10.

S. W. Schwenterly attended a course on the Unioh Carbiae Management
System in eight full-day sessions, during the months of April, May and
June. |

Mr. P. O'Connor, an Oak Ridge Associated Universitieé summer stu-
dent, is investigating the electric fields produced by two toroids at
ground and high voltage, surrounding a dielectric rod.. This geometry
is being considered for surface flashover experiments in liqui& helium.
Mr. O'Connor is using the computer progfam by Dr. W. F. Westendo?p which
was described in our report for the first qdarter of FY 1975 (ORNL-TM-
4824). The results will be given in the next quarterly report.

An abstract of a baper on breakdown‘in polymer films was submitted
for presentation at the 1975 NAS Conference on Electrical Insulatioﬁ and
Dielectric Phenomena, which will be held at NBS-Gaithersburg. This
abstract appears in Appendix A.

B. Experimental Work

1. Polymer Film Tests

Two of the polymer film samples tested in the previous quarter
(125-um N&lon-ll.and Hercules bolypropylenes cbuld néf be Sroken down
bécause heavy glow diécharge around the epoxy—encapsulated high voltage
electrode led to surface flashover before the breakdo&n voltage was

reached.



No punctures were found either with the pinhole detector or by
visual microscopy. Fig. 2 shows a view of one breakdown site on the
125-pym Nylon-11 sample, at a magnification of 100X. The bare tip of the
circular electrode contacted the film in the central circular area,
which shows only a few scratches and minorJimperfeétions. Flaéhover
tracké radiate out from the edge of the circle where the epoxy met the
spherical electrode. fhe absence of punctures was verified by metal-
lizing the samﬁle and examining it for pinholes with back lighting.

Two schemes were tried to improve this situation. First a 125-um
Nylon-1l sample 12 cm in diame£er was mounted with the high voltage
elect?ode in the center to maximize the flashovér distance. Even then,
flashover occurred at bgtween 16 and 17 kV, with no evidence of break-
down. Next, two 100-um Valeron samples were completely encapsulated in
epoxy, with six and eight sets of spherical electrodes respectively.
Hence no helium could enter the region of high field gradient. Fig. 3a
and Fig. 3b show an external view and an x-ray of Sample 2. With the
 first sample, all breakdown tests were made at helium temperature, while
with the second, tests were carried out at room temperature and liquid

nitrogen temperature as well. Table I summarizes the results.



Table I
Breakdown Tests with Encapsulated, 100-um Van Leer Valeron HDPE

(X) (kV) kv)  MV/m) (MV/m)

Sample T Vb Vmin Eb Emin No. Tests
1 4.2 15.6 12.5 158 127 6
2 301 18.5  18.4 187 186 2

77 17.3 14.6 179 148 3
4.2 14.5 10.2 147 103 ' 3

In all cases,_breakdown occurred with no audible or visible partial
discharge (PD). Likewiée, no evidence of PD was seen on the oscilloscope
trace of the divider output. After testing, the epoxy blocks were split
open and the breakdown sites were examined, as shown in Fig. 3a. Clean
punctures were found between most of the spheres. For Sample 2, small
bubbles in the epoxy were found at all of the sites (indicated by arrows
in Fig. 3a) which gave minimum breakdown voltages. At the sites where
the epoxy properly encapsulated the electrodes, the film withstood 18.4 kV
to 18.6 kV (the highest voltage available with the transformer) for
between 5 and 30 seconds before breaking down at all temperatures.

Hence, the short-term intrinsic strength of a single 100-um layer of
Valeron polyethylene is about 185 MV/m and is relatively temperature
independent. The values for Sample 1 were somewhaf lower than for
Sample 2, even though no bubbles were found in the epoxy. This might be
due to indentation of the film by the electrodes, as discussed below.

In any case, the breakdown voltages with both samples were higher than

those measured with the earlier unencapsulated film method (see Fig. 4).



This encapsulated film test method is under further development to
improve the casting technidues and eliminate bubbleé or intrusion of the
epoxy between the electrodes and film. Care musf_be taken not to force
the electrodes together too strongly during casting. to pfevent them
from indenting the film. With a 100-um Valeron sample it was found
that static forces larger than about ‘3 N on the é.Svmm diameter elec-
trodes would proauce a permanent visible indentation.. Measurements with
a sensitive dial micrometer showed that dropping one of the 3.7 gm
spheres onto the film from a height of 2.5 cm prodﬁ&ed an indentation
about 8 um deep. Hence care is also necessafy in assembling the elec-
trodes into the mold to prevent damage to the film.1

During the quafter a new set of plastic film samples was- received
from BNL. This included additional sheets of the materials tested laét
quarter plus samples of four ﬁew Cr&ovac polyolefin films in various
thicknesses. The latter were immediately tested with .a ﬁbvable, époxy-
" encapsulated sphere and a plane électrode in 1iquid:helium boiling
slowly at 1 atm, usingAthe same techniques outlinedlin the previous
quarterly report. Six breakdowns were taken with each polyolefin
sample. The results afe shown‘in Table II and in Fig. 4, which also
gives the results for the materials tested previously for comparison.
Breakdown and partial dischérgé (PD)yonset voltages are read on the left
hand scale, and breakdown electric fields on the right hand scale. The

following points were noted for the polyolefin data;



TABLE II: Breakdown Tests with Cryovac Polyolefins

3y
4)

are unaffected.

Variation of thiékhess‘from 102y to 142y, 4 breakdowns only{
-Epd is the minimum partial discharge inception field strength.

.Note that PD

B (kV) ' (kV) (kV) Cv/m) (MV/m)
MATERIAL (um) (pm) PDIV - . PDEV Vi r Epr -~ FEpd

t ta Min Av %O Min Av 70 . Min Av %0 Min Av
Cryovac D-330 le 38 38 3.1 3.3  4,2 2,6 2.7 >7;5 8.0 5.6 197 211 82
Cryovac D=-330 SW ‘ . 38 38 2.9 3.0 3.9 2.4 2,4 0,0 7.6-8.,4 16,5 200 220 76
Cryovac D=-330 Sw2 o 38 38 3.0 3.2 3.9 2.4 2.5 3.2 4.6 6.4 19.2 121 168 79
Cryovac BB-Dykes-Silica >51 51 3.0 3.4 10,6 2.6 2.7 6.0 8.5 10.0 8.2 167 197 59
Cryovac BB-Dykes-Silica DV 102 ~111 5.3 5.6 4.7 4.4 4.8 6.9 13,8 15.0 11.5 124 135 48
"COMMENTS: 1) -Flaéhovers,.between breakdown punctures. Scuffed surface,

2) Small projectionAon HV electrode - Vp, rose w/succeeding testé. volfagesi

0T
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The average breakdown strengths for single layers range from
135 MV/m to 220 MV/m. Even the minimum breakdown strengths

are several times the BNL design figure of 10 MV/m. In general,

~the breakdown strengths fall with increasing film thickness.

The polyolefins are considerably better than Nylon-11 for the
38-um samples. However, the 51-um sample has a breakdown
strength significantly‘lower than that of a similar thickness
of Nylon-11l. The 11ll-pm sample showed a breakdown strength in
between Van Leer Valeron polyethylene and Rowland polysulfone.
The PD inception voltages for the polyolefins were again about
one-third to one-half the breakdown voltages. The extinction
voltages were all about 20% lower than the inception voltages.
The minimum inception field strengths range from about 50 to
80 MV/m. Like the breakdown strengths, they fall off.as the
film thickness increases. It can be seen that at a given
thickness, the material with the highest breakdown vbltage
does not necessarily have the highest PD inception voltage.
Furthermore, in the second D-330-SW sample, a siall projection
which penetrated the polymer.slightly was inadvertently left
at the center of the high voltage electrode; This lowered the
bréakdown stress considerably, but left the PD inception and
extinction voltages unchanged. An analogous.situation in a -
real cable might be a small metal particle between the .dielectric
and conductor. This indicates that in the cable such-particles
against the conductor might not show up in a PD inception

voltage test. Normal operation of the cable would not be
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impaired, since it must operate below the inception voltage,
but the resistance to transient overvoltages might be reduced.

c. The percentagé scatter of the PD inception and extinction.
voltages is smaller than that of thé breakdown voltage. This
indicates that conditions in the thin helium layer where the
discharges éccﬁr are more uniform than in the polymer.

d. The 38-um D-330-DW sample appeared to be prone to surface
flashovers to previous breakdown sites, even at the low
breakdown volfages encountered. Visual exémination of this
sample revealed that the whole surface was finely scuffed as
if it had been rubbed between two sheets of paper. Further
tests will be made to asséss the influence of surface scuffing
on flashover.

Thé PD incepﬁion voltage data for all the samples tested so far
were subjected to further analysis because of the importance of the
inception voltage for cable design purposes. In general, the inception
voltages increased with increasing polymer film thickness. This is a
consequence of the fact that increasing the polymer film thickness
decreases its capacitance, allowing it to téke an increased share of»the
applied voltage when in series with a helium £ilm.

The data in fact indicate that this voltage division.éffect is the
major determinant of the inception voltage. If we treat the area under
. the spherical electrode as a parallel plate capacitor with a layer of

helium and -a layer of plastic as dielectric, the>voltage is given by
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V= E, [th +<Kh/Kf> tf] | (1)

and t, are respectively the electric field, relative

where E,, K, h

' dielectric constant, and thickness of the helium layer, and Ke and tf

similarly refer to the plastic film., Let us assume that PD inception

occurs when Eh reaches the breakdown strength-Eb of helium in a gap th.

Noting that Kk, is .almost exactly 1, at the inception voltage Vinc’ we

h
have '
. e : tf . .
v, =V'+‘E<-—>. - (2)
inc . o b Kf
Hence a plot of the inception voltages vs tf/|<f for the various films

should give a straight line of slope E, and intercept Vo = E t , the

b b™h’

breakdown voltagé of tﬁe hélium layer alone. Such a plot, using for tf
" the actual film tﬁipkness ta; is shown in Fig. 5, and the data do appear
to.be cdnsistent with a linear dependence. A least-squares fit gives

Eb = 881lkV/cm,vVo = 1.65 kv,

and t the thickness of the helium layer which is discharging, is found

h’
: tq'be
ty = VO/Eb = 18.7 ﬁm.

These numbers can now be compared with the corresponding values
measured for helium alone in a uniform field geometry. Measurements
: pe;formed-by our group2 using sphere-plane electrodes with gaps down to
250 um indicated that the average dc breakdown voltages with negative

sphere were slightly lower than with positive sphere, and could be

.fitted about equally well by either of the relations



14

, 0.78 . '
"V, = 43.6 € . . ‘ (3a)
0.5

b 25.1 ty + 17.8 ty s (3b)

for Vb in kV and th in mm. Using 't

[

or \Y
; ='0.0187 mm and dividing by y2 to

convert to rms ac voltage, (3a) gives V

b= 1.38 kV, and (3b) gives

Vb~= 2.05 kV, in reasonable agreement with Vo = 1.65 kV derived from the
corona measurements. Furthermore, Goldschwartz and Blaisse have per;
formed dc breakdown measurements in boiling liquid helium down to gaps

of 10 um.3 At a gap of 19 um, their data give average dielectric strengths
from 1170 kV/cm to 1500 kV/cm, corresponding to rms ac fields of 827

kV/cm to 1160 .kV/cm.. The value of Eb = 881 kV/em calculated from the °
inception data using (2) lies toward the lower end of this range:

The agreement of the calculated inception stresses with the average
helium breakdown stresses rather than the minimum values (which could
easily be 50% lower at small gaps) is somewhat surprisipg. The probable
‘reason is that the oscilloscope reading the capacitive divider output
could not detect isolated discharges occurring at the minimum breakdown
stress. More sensitive measureménts using our Biddlelpartial discharge
detector are in progress.

The above considerations indicate that the observed variatioms in
corona inception voltage are consistent with the supposition that
corona inception occurs when the stress on a thin layer of helium
adjaéent to the plastic film reaches the breakdown stress for the
helium. The agreement of the calculated inception strésses with measured

values for liquid helium indicates that the discharge is occurring in

liquid rather than a bubble of helium vapor trapped under the electrode.
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-_Howeyer, there islstill consideraBle variation about the straight
line fitted to the data,_which may~arise from material(charactefistics
of the films themselves. If‘iﬁceptioﬁ Qoltages for cerfain materials
consistentlyllie above the line, we might conclude that they are corona
inhibieors; and codveféely those belowlthe line would be corona énhan-
 cers. Inﬁestigaeion.obeig. S‘from fhis viewpoint ‘shows ehe following:
a) <Wi;h the excebtion-of the438—p sample, a1l<of the Nylons

lie above the line.:

: b) 4'Macrofpl'polycarbonate shows tﬁe highest percentage devia-
tiqn, about 23%, above the'line; Van Leer Valeron also lies
eonsiderably above.the 1lne;

e) ‘Thelpolfdlefins all 1lie close to-or below the line.

THese observations'shqw thatAthe nature of the:plastie film (for
example,.its'surface roughness of,chemical compesition or softness and
ability to eonform Clgsely to the electrodes) may have a modest effect

on the corona inception Voltage,.apart from the value of t/Kf.

The PD 1ncept10n voltage of an actual cable will depend on its
particular design characteristics. Presumably the inmost butt gaps w1ll
experience ehe hiéhese stress, approximately a factor Kf higher than the
'stress in the polymer. If the correlation between the hellum breakdown
stress in a gap equal to the butt gap thickness and the calculated butt gap
stresses at PD 1nceptlon also holds in multl—layer coax1al geometrles, the
inception stress of the eable wlll then be Eb/Kf{ Decreasing the butt gap

thickness by using thinner tape should significantly improve the PD omset
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vo%tagg because the breakdown strength of liquid helium begins to increase
rapidly when the-gap decreases below about 0.5 mm.4 Furthermore, the
lower voltage .across the butt gaps should decrease the energy of the
discharges, reducing the possibility of PD deterioration. Of course,

the tape.cannot.be:reducéd below the minimum thickness allowiﬂg suff-
icient mechanical_strengﬁﬁ for the wrapping process. - If the cable is to
be opera;ed in a PD-free regime, it is clear that the working stress

must be below Eb/Kf, where E. is the breakdown strength of liquid helium

b
at the butt gap thickness., Meats has published ac breakdown strength
data for helium at 5.5 K and pressures up to about 5 atm, using metal
electrodes with a gap of 125 umS. The breakdown field at 5 atm was

found to be about 48 MV/m. If the tape used has a relative dielectric
constant of 2.3, the PD inception stress is then 21 MV/m. No small-gap
helium data are available for conditions in the neighborhood of 10 K and
10 atm, but data taken by Meats at l-mm gap6 suggest that a decrease in
breakdown strength of about 257 is to be expected, reducing the inception
stress to about 15 MV/m. However, Meats‘found6 that the inception

stress in a void beétween dielectric layers is higher than the breakdown
stress of helium in a similar‘gap.betWeen metal electrodes, presumably

because the dielectric suppresses field emission. Certain dielectrics

may bé best for suppression of PD, and further experiments to measure

“inception voltages in mid-dielectric voids would be useful in predicting

the inception voltage of a particular cable design. It might also be
possible that the relatively small area of the butt gaps would lead to

higher helium breakdown stress.
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2. Liquid Helijium Breakdown

In order to allow a direct comparison with standard test values for
conventional liquid dielectriés, the dc measurements with ASTM electrodes
were repeated with ac voltage. The experiments were done with the
liquid.boiling slowly at 1 aﬁmu The 80 kV transformer with a 1 MQ
current limiting resistor was used for these tests. Tﬁe voltage was
immediately removed upon Breakdown'byithe Schmitt trigger circuit described
in the previous quarterly report. The voltage was measured with a
capacitive divider calibrated with an”electroétatic voltmetgr. The
output was connected té an. X-Y recorder to give voltage vs time. The
voltage was raised by motor drive at 1.8 kV/sec. Up to 50 readings were
taken at each gap. Plots of Fhe average ac peék breakdown‘voltage vs
gap appear in Fig. 6, along with the previous ASTM elecfrode measurements
with negative dc voltage. In Table III, fhe average, miﬁimum, maximum,
and percent standard deviation are given for each gap investigated.

The first set of ac readings (closed triangles), taken from 5/16/75
to 5/20/75, agreed well with the dé readings (closea circles) at small
gaps, but feli considgrably belqw the dc vélues at large gaps. The
electrodes had not been repolished affer taking the dc data because the
surface damage appearéd tovbe minimal. However, it was decided to
repolish the surface and take another set of dc and ac data, all with a
single f£illing of helium to minimize variations in helium purity and
electrode surface condition. After polishing, the edgeé of the electrodes
were examined with a Shadéwgraph at lOéX magnification, and it was found
that the edge radius was between 25 and SO_microns. Only ten breakdowns

could be taken at each.gap to complete the experiment before the helium



TABLE III. Breakdown Voltages with ASTM Electrodes

de, 6/5/75

ac, 5/16-5/20, 1975% ac, 6/5/75%

(mm) | (kV) - (kV) (kV) - (kV) (kv) (kV) (kV) (kV) (kV)

d min. ave, max. %o min. ave. max, %o min. ave. max., %0
1.00 }13.8 15.81 17.39 5.28 } 16.55 20.01 23.05 8.98 | 17.00 18.82 19.70 3.93
2,00 120.93 24,21 26.45 4.29 | 29.98 38.28 43,55 9.49 | 26.00 31.23 34.10 9.41
2.54 |23.48 26.53 29.27 4.37 | 40.59 48.28 50.20 5.77 | 31.50 39.63 43.50 10.67
3.00 | | 41.30 45.21 51.05 7.85 | 35.00 47.38 50.00 11.70
4.00 |33.38 35.19 37.76 3.33 | 46.24 52.74 63.64 9.22 | 41.00 48.31 55.90 12.63
5.00 }37.91 40.30 43.27  3.11 v 47.60 55.98 64.06 8.54
6.00 46.50 62.06 71.50 11.46
7.00 }43.56 47.57 51.05 3.05
9.00 50.91‘ 56.08 63.64 4.20

* A1l ac values are peak voltage.

8T
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boiled away. The results (open triangles and circles) show much better
agreement between peak.ac and dc values, but both curves are now con-
siderably higher than the first sets of dc and ac values. The later ac
values are close to the standard peak ASTM breakdown voltage of C-10
transforﬁér_oil in a 2.54 mm gap (open square).

The source of these day~to~day variations in the breakdown voltage
continﬁes to be an enigma. Surface pitting by previous breakdowns does
not seem to be a factor, since before repolishing the electrodes there
was no evidence of a concentration of breakdown footpoints near any
given pif. Surprisingly, many of'the breakdown footpointé were up to
several mm in from the sharp edges of the electrodes, indicating that
the breakdown does not always occur at the supposed point of greatest
field inhomogeneity. ihis may-be dué to field distortion by space
charge coilécting aidng the sharp edges. After4comﬁletion of the
measurements, the electrodes were lapped once'more and again examined
with the shadowgraph. No significant chaﬁges iﬁ ﬁhe edge sharpness were
observed. Hence.the only possible effect of lapping the electrode faces
between experimental runs is a general cieanup of the whole surface.
Finally, the contamination level of the heliuﬁ could vary. In the next
quarter, further experiments will be‘performed fo assess the effect of

deliberate contamination of the helium.
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- C. Visitors

The following people visited us during the quarter:

April 11:
April 17-18:

May 29:

-June 9-10:
June 17:

June 25-27:

Dr. L. C. Pittenger, Lawrence Livermore
Laboratory

Dr. P. R. Emtage, Westinghouse Research
Laboratory, Pittsburg, PA

Dr. Tatchai Sumitra, Administrator, Nuclear
Technology Program, University of Bankok,
Thailand

"Dr. T. S. Sudarshan, National Research

Council, Canada

G. Vecsey, Swiss Institute for Nuclear
Research

G. L. Sommerman, Consultant

D. Personnel

Personnel associated with the Cryogenic Dielectric Program during

the quarter include the following:

Dr. H. M. Long, Program Manager

Dr. S. W. Schwenterly, Assistant Program Manager

Dr. M. M. Menon, Electrical Engineer

Mr. R. H. Kernohan, Physicist

Mr. W. J. Schill, Senior Technician

Mr. G. F. Leichsenring, Mechanical Engineer

Mr. R. O. Hussung, Mechanical Engineer

Dr. G. L. Sommerman, Consultant
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E. Future Plans

The major requirement for the final assembly of the high voltage
cryostat is completion of the lift mechanism for the heavy dewar tanks
and bushing ground plane. Construction and installation of this mecha-
nism is expected to be completed by the end of the quarter. The final
assembly and leak checking of IV3 will be carried out, and experiments
will begin if no problems are encountered.

The new interwinding insulation'cylinder which was completed this
quarter will be installed in transformer B of the 700 kVac test set, and
the coils will be reassembled. The whole transformer should be complete
and remounted in the test area by the end of the q;arter. It is expected
that considerable care will have to be taken in removing frappgd air aﬁd
moisture from the coils, due to their long exposure to atmosphere.

Acééptance tests will be performed on the Universal Vo}tronics
impulse generator, and the equipment should be received midway through
the quarter. The final setup and testing will be carried out with the
aid of our consultant, Dr. G. L. Sommerman.

Experiments on ac breakdown and partial discharge in polymer films
will continue as new samples are receivgd from BNL. A new test method is
being considered whereby pressurized helium is injected between layers of
an epoxy-enclosed multi-layer sample. Impulse tests on the films will
begin as soon as fhe geperator is received and set up. Followihg meetings
V with Dr. Chowdhuri, an appropriate program of dc polymer film breakdown
experiments for LASL will be designed. Contact will also be maintained
with the dielectric loss programs at NBS and Stanford, and Qe shall stand
ready to give information and advice to or ask it from all of these programs
whenever necessary. Finally, the ac breakdown work with liquid helium will
be extended to the point-plane electrode geometry, and further experiments

to assess the effects of contamination will be carried out.
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Appendix A

DIELECTRIC STRENGTH OF LIQUID HELIUM UNDER STRONGLY
INHOMOGENEOUS FIELD CONDITIONS

M. M. Menon, S, W. Schwenterly, W. F. Gauster,
R. H. Kernohan and H. M. Long

Abstract

A series of ﬁeasurements has been méde on the dc dielectric break-
down strength of 1iqﬁid helium énd other cryogenic fluids in strongiy
inhomogeneous field geoﬁetries. Standard ASTM electrodes and point-
plane electrodes of stainless steel were-ﬁsed.‘ All measurements wére‘
carried out at atmospheric preésure, with gaps’up to 10 mm,

The ASTM electrode results show that the breakdown strength of
liquid>helium.is drastically reduced below that found with sphere-plane
electrodes. The breakdown sfrengths of liquid nitrogen and cold helium
vapor were also ﬁeésured, and were found to.be respectively about 30%
higher and 507 lower than the ASTM liquid hglium results. The point-
plane measurements show a strong polarity effect, with the positive
polarity breakdown voltages roughly a factor of three higher than the
negafive voltages. Statistical analysis of the data‘inﬁicates that the
breakdown voltages in most cases are not normaliy distributed. If is
concluded that strongly inhomogeneous field geoﬁetries shoui& be avoided
in the design of cryogenic highAvoltagé equipment using liquid hélium.és

the insulant.
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FIGURE CAPTIONS

High Voltage Cryostat with‘inner dewar tank mounted.

One test site on 125-um Nylon 11. Magnification 100X.

a. Epoxy-Encapsulated Sample 2. Polymer is 100-pm Van Leer Valeron.
b. X-ray of Epoxy-Encapsulated Sample 2.

Breakdown voltages, breakdown fields, and corona inceptibh voltages
of polymer film samples.

Plot of Vinc vs tf/Kf for polymer film samples. Numbers on points
refer to Fig. 4.

Breakdown voltages with ASTM electrodes, using ac and dc voltages.
All ac points are peak values. Slowly-boiling liquid helium at

4.2K; 1 atm.
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:-II. AC LOSSES IN SUPERCONDUCTORS

A, 'Inpfoduction

The goal of this reseéfch has been to uﬁderstand the relétive
importance of material parameters which cdntroivac losses in high'TC
superconductors.such as Nb3Sn. :This work has been in suppdrt of the
Power Transmission Project at Bfookhaven National Laboratory; The design
of properly qptimized conductors for superconducting ac traﬁsmission
requires an understanding. of loss meéhanisms involved. Ihat is, the
essential material parameters néed to be defined in or&er té économically
fabricate a conductor with minimum ac losses.

During‘FY 1975 ac léss measurements wéré made on Nb3Sn samples pre-
pared by two variations of the ;olid state diffusion method,l—3 and
with a widé range of'réaction4c0nditions. Frequency, as well as field
amplitudé, was~used'as a parameter in the loss measurements in an attempt
to more clearly define the mechanisms responsible.

. The total loss per surface area per cycle was found to ha;e the

4form'WT(h0,v) = Wo(ho) + Vf(ho)-where Wo(ho) is identified as'a Hysteretic
term (i.e.,. frequency indepghdent),~v is the frequency and hé the ac

field amplitude. - Hysteretic 1osses'(wo) in the Nb,Sn specimens were

. . . . 3
strongly dependent on the degree of surface roughness on a scale of

‘v 1 u, while the non-hysteretic losses showed only a mild dependenée on
the topology of the surface. This report will detail the sample prepara-
tion and characferiZation, the ac measurements, the results of these
measurements énd their interpretation. A discussion of the extraction

‘of eddy current losses in the pickup coil is presented in Appendix I and

“an analysis of the ac experimental method is given in Appendix II,
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B. Sample Preparation and Characterization

Nb3Sn samples were prepared in the form of layers on 3 mm diam Nb
rod v 30 mm in length. As detailed in ORNL-TM-4824 (ORNL Cryogenic Power
Transmission Technology—Quarterly Report, July 1—Sept. 30, 1974.), 48
different samples were prepared by the solid-state diffusion ("bronze")
technique with bronze compositions of 8 wt 2 Sn, 11 wt %Z Sn, and 13 wt 7
Sn reacted at temperatures from 700°C to 850°C for times up to 336 hr.
In addition, several samples were prepared by copper plating a Nb rod,
coating with tin at 350°C, and subsequently reacting to form Nb3Sn.
After final reaction heat treatment the bronze layer was removed by a
HNO3 solution in the case of the co-deformed samples and by boiling HC1
for the tin-coated samples.

The superconducting-normal transition temperatures, Tc’ of the
samples were measured by an inductive technique which also served as a
check on the continuity of the Nb3Sn layer. There was a general trend
for higher onset temperatures and sharper transitions in sampleé reacted
for longe} times at higher temperatures. The dc magnetization measure-

7 were

ments and estimates of Jc by two ac susceptibility techniques
also made on selected samples. All the samples showed nearly complete
flux exclusion up to fields of 2 kOe to the resolution of dc magnetiza-
tion. The flux penetration measurements gave estimates for JC of
n2x107 A/cm® in the field range V1000 Oe..

Scanning. electron microscopy was used to characterize the sample

surfaces. ' The surface geometry will be discussed along with the results

of the ac loss measurements.
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C. ac Loss Measurements

Since the ac loss measurements are central to this work, the tech-
nique will be discussed in some detail here and in the Appendices.

The measurement of ac losses was done electronically in a manner
similar to that developed by Sekula6 in which a tuned lock-in amplifier
is used to examine that component of the voltage, induced in a pick-up
coil wound around the sample, in. phase with and at the same-frequency as
the applied ac magnetic field. In our method, however, no steady dc
magnetic field is present and the ac field oscillates over the range
~-h <h < +-ho while at the same time ho itself is slowly varied. The

o}

mean power loss per unit cylindrical surface area is given by:

1 Ty, 49 a4t (1)
2TRT dt

P =
where R is the radius of the sample, h is the applied ac magnetic field
of period T and ¢s is the flux contained within the sample. For sinusoidal
h(t), this can be rewritten as an energy loss per unit surface area per
cycle in the following way,

W=20.127 ﬁh%%%l (2
where <h) is the rms field in Oersteds, <{¥> is the rms voltage és regis-
tered by the lock-in amplifier in volts, N is the humber of turns in the
pick-up coil, v is the frequency of the applied magnetic field in Hertz
and R is the specimen radius in cm. Using these units for the measurable

quantities yields a W that is in units of Joule cm_z cycle—l.
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The output of the lock~in amplifier drives the Y-axis of an X-Y recorder
while the X-axis is driven by a voltage proportional to the rms current
flowing in the field producing solenoid. In this manner, a sweep of h
at a fixed frequency produces a response v(h) aﬁd only the product of
these two quantities is needed via Eq. (2) to determine the surface loss
per cycle.

The sblenoid used to pfoduce the ac field is a copper coil wouﬁd
from Litz wire and is situated directly in the helium bath. Copper
windings were chosen after initial work with sﬁperconducting wires, both
single and multifilament, indicated complications due to intrinsic
losses in these materials, Test runs on dummy micarta samples revealed
spurious losses which‘were eliminated by removing all extraneous metal
(e.g., solder joints) from the vicinity of the sample and pick-up coil.

Compénsation of the unwanted signal due to changes of flux between
the pick-up coil and the sample was achieved by means of a coil of a few
turns located in the fringing fieid of the copper solenoid and connected
in oppésition to the sample coil. Complete cancellation of total signal
was achieved in fields typically of a few Oersted by mechanically
adjusting the locgtion of the sample pick-up and compensa;ing coils
within the bore of the ;olenoids. This condition was checked after each
field sweep to insure that compensatiop wés maintained throughout the
data gathering period. This method of compensation used in conjunction
Qith a lock-in amplifier having an input impedance of %1079 avoidgd the
possibility of unwanted phase shifts being introduced electronically

while at the same time maintaining the sample and its pick-up coil
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within the uniform field region of the solenoid. The reference phase of
the lock-in was established by nulling the signal induced in the compen-
safor coil (i.e., set to examine any signal in phgse with the applied ac
magnetic field). This procedure was repeated before any field sweep was
taken. following -a change'of operating fféquency;

- The sensitivity of this method is ideally.limited by the ability of
the lock-in amplifier to extract the signal of interest from the attendant
noise.( It :should be noted, however, the <&> may contain contributions
from sources external to the superconductor and, therefore, an uncritical
use of Eq. (2) may give rise‘to an erroneous value for the loss per area
per cycle, W. Our apparatus was able to reliably detect losses of the
order 10_9 Joule cm_2 cycle-l.

The ac loss measurements were made on a number of selected Nb3Sn
. samples. However, our detailed analysis concentrated on two extreme
cases——a "'low" and a "high" loss sample. The other samples had inter-
mediate loss values. and exhibited no anomalous behavior: The "low" loss
-sample was prepared by co-deformation of Nb in a Cu-10 wt % Sn alloy and.
reaction for 42 hours at 800°C. The "high" loss sample was prepared by
the tin coating process described above with a reaction heat treatment
of 48 hours at 800°C. .The similar final reaction treatment produced
similar onset Tc values for the "low" and "high'" loss sample of 17.83K :
and 17.78K, respectively, although the "high" loés sample exhibited a

broader transition width (Vv2.5K) compared to the '"low" loss sample (“U.3K).
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To help validate the measuring technique and elucidate the loss mecha-
nisms, ac losses were also measured on a Mo-25 at % Re alloy sample and
on a Nb single crystal sample.
D. Results
First, results on ac losses in Mo-25 at % Re are presented to give

evidence for the validit& of the measuring technique and illustrate a
material in which the ac losses are overwhelmingly hysteretic in nature;
Then a discussion of the eddy losses from the copper pick-up coil is
given with the method used to extract it from the losses in the super-
conductor. Finally, the loss data on the Nb3Sn and Nb samples are
presented.

1. Mo-25 Re

Flux enters the bulk of Mo-25 Re at a relatively low field
= 450 Oe) and the losses above this value appear to be purely hystere-

1
tic in nature., The criterion used throughout this paper is to assume

(H,
that any loss per cycle which is independent -of frequency is, in fact,
hysteretic. At high field amplitudes such as, for example, 1456 Oe, the
induced signal (v)varies linearly with frequency yielding vy =5.22 x

1074 -2

v. This, in turn, produces a Wo of 1.68 x 10_3 Joule cm
cycle—1 constant over the frequency range examined (40 to 100 Hz).
While there was no obvious dependence of W on frequency at any fiéld
levels, it should be noted that at lower field amplitudes there is some
scatter in the results due to variations in the previous magnetic

history of the sample. The losses from hysteresis loops obtained by dc

magnetization and the ac losses are in good agreement over much of
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the mixed state region examined. Fig. 1 is a B versus H (dc) trace in
which the external field was varied between *756 Oe. The total loop was
symmetric and so for simplicity only half of it is shown in the figure.
Fig. 2 shows the surface loss per cycle determined as a function of peak
magnetic field for both ac and dc conditions. The dc data shown for‘
four field values are in agreement at the lower two values where the
induced voitage waveform taken directly from the pick-up coil can be
shown to qualitatively yield B versus H respoﬁses as shown in Fig. 1.
For peak fields in excess of 1200 Oe, the losses determined via the ac
technique increase linearly with the value of the peak field. This is
revealed as a saturation of the induced voltage signal with field at a
fixed frequency. It is interesting to note that this is the behavior
predicted for such losses by the Bean model when Hpeak> H* (the 50—
called filling field).

The ac losses in Mo-25 Re at low fields depend critically on the
magnetic history of the sample. Having cycled the Mo-25 Re well into
the mixed state (hO " 1400 Oe) and subsequently measured the losses at
low fields, one finds that the loss at a given field value can be as
much as a factor of twenty greater than in the virgin sample.7 Fig. 3
shows the normalized difference, (Wz—Wl)/W2 referred to as the loss

enhancement factor, as a function of peak ac field, W, being the loss in

1
the virgin sample and W2 being the loss at the same field and frequency
but after a field excursion weli into the mixed state. A rapid drop in

this quantity begins at about 600 Oe, that field value at which the dc

magnetization indicates dM/dH = O (not at HC ). This would seem to
1
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indicate that in bulk hysteretic materials one must achieve a field
amplitude at which a certain threshold amount of flux penetrates the

sample and not simply H_ , the field of first penetration, before the

fp

losses become independent of previous magnetic history.

2. Eddy Losses in Copper Pick-Up Coil

The loss response of the high-loss Nb3Sn sample was examined in
detail with two Pick—up cqils wound from copper wire of different diameter
"in separate experiments. By so doing we were able'to extract the eddy-
loss contribution of the pick-up coil from the fotal measured loss.

The rms voltage signals for the two cases can be represented as
follows:

B> =8+ 4

and <€2> =S, + A

1
w
+
>

where S, and S, are the voltage signals from the superconductor while A

1 2 1

and A2 are those arising from within the pick-up coils themselves.

{&,> can be rewritten, normalizing it with respect to <€1>as follows:

3
ey =<2 s +N_2<""_2) A
2 'Nl 1 N1 ay 1
where N1 2 refers to the number of turns on the respective coils and
b
a; , to the respective radii of the wires used.  Thus:
’
2 N Ny
<a—> Ep - n, &2 N, € - <Ep
1 2 _ 2 .
S. = and A =
1 .01
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In our cases,

=151, a, = 2.5 x 107> cm and a, = 6.4 x 107 cm,

= 1.068 (g;> - 0.147 e,y for a given h_ and V.

N1 = 325, N2

and therefore, Sl

Exémining this at 165 Oe and 200 Hz we find <€l>== 4.0 uV and

(e, = 7.5 W yielding S ~ 0.8 W. This value for A

1 1 1

compares favorably with our approximative first principles calculation

= 3.2 uV and A

of 0.4 W -- see Appendix I.

Next, the data of the two runs.were'examinéd to determine the loss
per unit area per cycle associated with the copper voltage signal as a
function of field amplitude ho at a fixed frequency of 200 Hz. The
results of this are shown in Fig. 4, It is to be noted that wCu displays
the expec;edlhi deﬁendence associated with eddy behavior. Fig. 5 shows
the copper signal at 500 Hz versus that at 200 Hz for the same field
values., The slope is about 6.10 and that'expected on the basis of eddy
behavior is 6,25, These results taken together provide confirmation of
the existence of eddy-current voltages in the copper pick-up toil which

in turn give rise to an apparent W. In the subsequent reduction of our

data we have taken the experimentally determined relations for

<€Cu> and wCu’ i.e,.

- -15 NR .32
<€Cu> = 1.81 x 10 5 & v h_ V?lts
and - Woy = 1.67 x 10-16 hiv Joule cm 2 cycléﬁl.
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3. Nb and Nb,Sn

The ac loss behavior of the niobium single crystal and the low-loss
Nb3Sn sample was markedly different from that of the Mo-25 Re and could
be represented by wT(ho,v) = wo(ho)+vF(ho) where Wo(ho) is the hysteretic
1osé per area per cycle and F(ho) represents the field dependence of the
frequency dependent contribution. Fig. 6 is a dc magnetization curve of
the Nb single crystal while Fig. 7a reveals the total loss per area per
cycle of the niobium as a function of frequency for various values of
the amplitudes of the ac field. Two things should be noted: (1) the
linear dependence of the loss per cycle on frequency, and (2) the fact
that the losses decrease to very small values at zero frequency (i.e.,
wo <5 x 10“9 Joules cm-2 cycle_l). This is to be compared with the
work of Rocher and Septfonds8 who found a slight linear dependence of
the loss per cycle on frequenc& in niobium and also a hysteretic loss in
fields as low as 90 Oe. Their method of measurement was a calorimetric
éne and so avoided any problems associated with the loss behavior of
pick-up coils. The low-loss Nb3Sn exhibits a similar response as shown
in Fig. 7b but with the distinction that in this case a measurable
hysteretic contribution (finite W as V»0) is in evidence which increases
rapidly with field amplitude.

Fig. 8 shows the hysteretic loss per cycle Wo in the low and high-
loss NbBSn. The latter reveals an h3 dependence over the field range

investigated. The hysteretic loss per cycle in the low-loss Nb,Sn is

3

at least two orders of magnitude less than for the high-loss material at

fields é 1 kOe.
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Fig. 9 shows F(ho) versus hi for the two Nb3Sn samples and the

single crystal niobium. The low-loss NbBSn reveals a departure from hs

only at the highest fields tested while the high-loss Nb,Sn appears to

3
depart from hi behavior at even the lowest fields examined. F(ho)

A 2
for our single crystal niobium shows a departure from h0 dependence

Sn samples.

occurring at a field value intermediate between the two Nb3

Losses measured in the single crystal Nb and Nb_Sn show very little

3
dependence on previous magnetic cycling>in fields up to 1400 Oe. Thus
there should be little ambigﬁity in the magnitude of sﬁch losses between
various expériments in contrast to the results on Mo-25 Re and othef such
alloys.
E. Discussion

iosses in all the samples we'examined (including the Mo-25 Re) begin
to appear at very low fields and a word concerning this aspect of the
response is in order here. There are two factors working toward'finite
losses in small fields and both arise from the departure of.the sample
surface from ideal planar geometry. First, the demagnetizatidn factor D

associated with pseudo-ellipsoidal protuberances leads to the onset of

the mixed state within these regions at a field value of*(l—D)HC where
1
9-11

H. is the bulk lower critical field. Second, there is the phenome-

¢y

non of field enhancement in the vicinity of these surface irregularities.
12 . ) . e

Melville™” has discussed this effect in analogy to the electric field

enhancement known to occur from studies on field emission and electrical

breakdown. If Yy is the enhancement factor of a magnetic field applied

parallel to the overall surface near a projection, then the field amplitude
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ho need only take on the value (1—D)HC /Y in order that fluxoids enter
1
regions of surface irregularity., Plausible values of D and Yy lead one

to expect such establishment in applied field amplitudes significantly

reduced from H. .
4

1. Mo-25 Re

Various models for hystefetic losses predict a dependence on magnetic
field of hg where n 2-3 (Ref. 29-32). Our results on Mo-25 Re indeed
display‘a cubic dependence on h0 at the lowest fields providing that the
sample has not undergone excursions to higﬁ fields with sﬁbsequent flux
trapping. This type of loss dependence on ho is typical of hysteretic
losses and is predicted by the Bean model for low fields (i.e.,
h0 << H*, the "filling field"). The extremely rapid increase of W with
h0 over the range from 600 to 900 Oe makes it very difficult to compare
results between various researchers on such alloy superconductors (aside
from complicatisns due to different magnefic histories). To fit our
data in this relatively small field region to W « hz would yield a value
of n between lOAand 12,

While there is reasonable agreement between ac and dc determined
1osées in Mo-257 Re at fields Qhere such losses are ﬁot inflqenced by
previous history, we do not have an explanation for the observed differ-
ences measured for the losses at fields in excess of 1 kOe. Earlier
work conducted by Linford and Rhodes13 on hysteretic losses determiﬁed
via ac and dc metﬁods reveals mﬁch the same degree of agreement as we
find in this work. An inspection of the waveform of fhe signal induced

in the compensated pick-up coil at these fields does indeed indicate a
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greater degrée of flux exclusion in increasing field which:iﬁtturn gives
rise to a larger ac loop and a greater loss than tﬁe corresponding
hysteresis loop taken from the dc¢ magnetizatioﬁ‘studies.A The additional
losses may be due to bulk viscous effects in the Mo-25"% Re as these ~

fields are well in excess 6f“HC', but more detailed work needs to be
1

done to clarify this; particularly since the ac losses here appear to be
independent of frequency, at least over the narrow range (40 to 100 Hz)
which could be achieved in this work at these higher fields. As we have
often seen, measurements need to be taken over a significant range of
frequénéies to avoid misinterpreting ﬁossiblevscatter_in data.

Irie et aZ14 have examined ‘the fiéld and-frequency behavior of ac™

losses in Nb~50 Ta at field amplitudes uﬁ to HC 60 Oe at 4:2K and for
1

0.5 X \Y S 18kHz. This system can be expected to behave similarly to our.

Mo-25 Re, both materials exhibiting relatively low pinning. Irie et al

find losses per cycle varying at hz in fields less .than HC with an
: ‘ 4 1

extreme increase in the dependence of Wo on h0 occurring near H In

c.*
addition, while they do find losses per cycle varying with frequiﬁty,
these are seen to oceur only at frequencies ﬁ 500 Hz; For frequencies‘
~ 500 Hz only hysteretic lqssgs can be resolved from their data. Our
data taken up to 500 Hz are coinsistent with these results.” The field
and frequency response of both materials are qualitatively similar and -

may be representative of superconductors where the dominant loss mechanism

is hysteretic.
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2. Nb and Nb,Sn - Hysteretic Losses

Fig. 10 consists of six scanning electron micrographs taken of the

Nb and two Nb3Sn specimens. For each sample, two micrographs are pre-

sented, one perpendicular to the specimen surface and one viewing its
edge profile. The high-loss NbBSn (Figs. 10a and b) has a rough surface

structure on the scale of a micron. The lOW—lOSS‘Nb3Sn (Figs; 10¢c and
'd) and the single crystal niobium (Figs. 10e and f) have much smoother

surfaces than the high-loss Nb3Sn with the low-loss Nb,Sn showing some-

3
what less structure on a scale.of the order of a micron than that of the
single crystal Nb. The ridges and depressions in.both.the low-loss
Nb3Sn and the single crystal Nb are predominantly aligned in a direction
parallel to the axis of the cylindrical sample and therefore parallel to
the applied magnetic field.

Hysteretic'lésses per cycle, if present in our single crystal Nb
sample, must be less than the order of 5 x lOf? Joules cm-_2 c‘ycle"1
in fields approaching HCl (see Fig. 7a). This is compatible with the
extremely smooth surface of the Nb specimen as seen'in'fhe micrographs
(Figs. 10e and f) and the correspondingly small values of Yy and D.

The hysteretic loss per cycle of the high—losé Nb3Sn'has aﬁ hz

dependence over the field range investigated (Fig.'8) for which the Bean

model predicts a critical current density of:
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which forﬁbur'case'yields a value of JC = 6,6 x 106 amp.cm_2 for

165 z ho'5'1324 Oe.. While the Bean model can be used to calculate a

.vuniform Jc whgneyer.wo x hg it is not épparent that such a Jc should be
associated with the actual coarse structurg Seenvat the surface of our

“high-loss Nb3

of Melvillel? for losses.oécurriﬁg in surface irregularities. Melville

Sn sample. More to the point in this case is the prediction

has showp thaf theihysteretic loss per cycle per unit surface area is
related to.the field amplitude by Wo o hg+2Awhere u is characteristic of
the shape of the sUrfaqejirregularities. In our case, a scanning electron
micrograph taken'of'thé,surfacg‘at 104X Amagnifigation reveals'the cén;
fours of'thebirregularities to be best approximated by a series of
straight line segments which can in turn be represehted bylsome average
slope.A Eor such a case, the parame;er u (called w in Melville'slpaper)

) éssumes the vélue 6f unity and wo « hg. Melviile's estimated magnitude
of loss for u = 1 is about (0.2 - 6) x 10_7 Joules cm—zl cycle_l at

a field of & 1000 Oe. This is in good agreement‘with our measured valﬁe
of 6.5 x 10”7 Joules cm cycle_l at- this field.

- The low-loss Nb.Sn has a much smqother su;face on a scale of the

3
order 6f‘%l um»and'thus correspondingly reduced enhancement and demag-
netization factors. The result is a higher degree of flux exclusion
from the surface in the lowest fields, and due to a very large JC, a

high degree of flux exclusion from the bulk even in fields somewhat in

excess of HC . yielaing<lower losses per cycle but also an extremely
1 : .

strong dependence of wo on field amplitude once flux enters. This would
ééem té indicate that at higher fields the hysteretic losses per area

per cycle of the low and high loss samples of Nb_,Sn may become comparable,

3
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as one might expect once the- loss mechanism becomes .characterized by the
bulk response of the superconductor. In general, the hysteretic loss-
contribution appears.strongly correlated to the physical nature of. the

surface in the Nb and Nb,Sn cases.

3
3. Nb and Nb,Sn - Non-Hysteretic Losses
. i 7

The frequeqcy.depg?dent losses per surface area per cycle are
characterized by vF(ho) peflecging‘the fact that in all cases any varia-
tion of WT with frequency was found to be a linear one. Fig. 9 shows
F(ho) versus_hi. It was found that the initial variation with ho was
quadrapic up to a gertain field hg.~ The low-loss Nb3Sn has an hg of
about 1200 Oe while the value associated with the single crystal Nb is
about 930 Oef The high—lpss,Nb3$n departs from an hg variation at very
low fields making it difficult to assign a value of hg. As can be seen
in Figi 9 the gagnitqdes of F(ho) for the three samples at a given
appliedﬁfield are only slightly different (about a factor of 5 at 1200: .
:Oe:).~ There appears, however, to be a stronger correlation of hg with
surface condition although the reason for this is not. understood at
present.

}Normgl excitations'sgattering near the specimen surface would yield
a W« v and, assuming a layer of fixed depth from which these "electrons"
originate,ig §ependence for ho of W <{h§. In fact, the Nb and low-loss
NbSSn sﬁowipg on}y §1ight departure from ideal geometry on a scale of
the order of a micron display an initial quadratic field dependence up

to 900 Oe and 1200 Oe, respectively. In this regard, it is of interest

to note that Campbell technigue]_'5 measurements of. flux gradients in some
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superconductors reveal an absénce of any gradienf within abregion located
ét the surface. TunnglingAexperimeﬁtsl6 have_aISO'indicéted the possi-
bility of normal material within a'coherence 1ength of the surface.

The possibility also exists that the frequency dependent term
afises from fluxoid motion. The degree of suffacé smoothness of the Nb
and low-loss NbBSn specimens wQﬁld seem to mi?igafe against this, especial-
ly in the case of the Nb frém which Hcl.g 1275 Oe. K#amer;l7 however,
A has postulated thaﬁ in the process éf'vortEX formation there is a stage
: at which nascent vofticés first broaden to form a normal layer at the:
.surface from which Abrikosov vortices sﬁbséquently nucleate,

Thus, there are in.fact a number of independent étudies which have
suggested ‘the possible exisﬁénce of a normal—like‘region in the immediate
vicinity of the surface. Ceftain;y ac losses, in those superconductors
for which such processes are confined ﬁo the neighborhdod of the surféce,
should be exﬁected to be extremely sensitive to such a layer.

Table I illustrates the contribgtions'of WO and W(v) = vF(ho) to
Athé total loss per area per cycleAOCCurring in the listed superconductors
at a frequency of 60 Hz and é field amplitude of 745 Oe. It is to be
noted in passing that if a detailed frequency dependence were not made,
andvif no correcfion were made for losses in the copper pick-up coil,
the loss value assigned as being totally hysteretic would bé an overo

estimate of the actual Wo. .For example, at v = 60 Hz and ho = 890 Oe,

. wo ‘ = 0,272 and not unity. This points out
W+ W(Cu) + WV) ' '
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the need for examination of the frequency response of ac losses and
careful analysis of whatever experimental method is used in order to
properly identify the contributions to the total apparent loss and to
assign correct values to their magnitudes;
F. Summary and Conclusions

Losses per surface area per cycle in all materials examined were of
the form WT(hO,V) = Wo(ho) 4+ v F(ho). Extensive examination of the fre-
quency dependence of the losses was necessary in orderrto correctly
identify the hysteretic loss éontribution Wo(ho). Elimination of the
eddy signal induced in the copper pick-up coil allowed a determination
of any frequency dependent loss per cycle occurring in the superconductor.

The Mo-25 Re, used primarily to provide a method of checking our
method of .ac loss determination against the dc case, revealed no resolv-
able frequency dependent contribution to W. ‘Its response may be represen-
tative of that associated with weakly pinned superconductors in which
flux can penetrate well into the bulk sample during a field cycle. 1In
.this case, the large hysteretic losses mask any frequency dependent
contribution.

Nb,Sn prepared by the solid state diffusion technique (low-loss

3
< -—
sample) exhibited only small hysteretic losses (Wo'-'7 x 10 9 Joules

cm—2 cycle_l) for fields below about 950 Oe. The small hysteretic

appears to be the result
-2

loss per cycle for fields well in excess ofAHC
1

of an extremely large critical current density (Jc== 2 x 107 amp cm
at V1000 Oe) associated with this specimen with consequent little flux
penetration. A small but measurable frequency dependent term was

observed at all fields for which F(ho) o hi up to about 1200 Oe.
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< -
Single crystal Nb showed small hysteretic losses, (Wo v 5 x 10

Joules cmn2 cycle_l) for fields up to about H (1275 Oe). A fre-

¢

quency dependent term somewhat larger than that of the low-loss Nb3Sn
was observed, however, ﬁaving F(ho) o hi up to about 900 Oe and then
varying more strongly with h0 for higher fields.

The "high~loss" ﬁbBSn sample had both large hysteretic and non-
hysteretic loss contributions. A hysteretic loss per area per cycle
varying as hg was observed across the field range examined (100-1300 Oe)
and a frequencyldependent term was revealed whose F(ho) departed from
quadratic dependence at fields of the order of 100-200 Oe. The hysteretic
term appeared to be that predicted by Melville12 for rectilinear surface .
irregularities.

While the magnitude of the hysteretic losses appears to be strongly
correlated with the degree of surface roughness on a scale of the order
of a micron, the same is not the case for the frequency dependent contri-

bution to the total loss per area per cycle.
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“Dr. C. é. Koéh; Group Leader
Dr. D. J. Griffiths, Oregon State Univérsity, fhysicist

Mr. Paul Jones, Technician
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Appendix A‘.
Eddy Signal from the Pickup'Coil

The experimental method of ac loss determination in which a pick-up.
coil is wound on the sample and in which an ac magnetic field is produced
at the site of the sample by means of an external solenoid, merits a
careful apalysis of the observed induced volfage signal. For pure sinu-
S6ida1 éﬁplied mégnetié fields,-the mean loss pef‘cycle is determined by
the component 6f'thé induééd voltage haviﬁg the same %requency as”and
being in phase withvthe aﬁplied magﬁetic field.

The method used in our experiments allows an isolatioﬁ and examina-
tion of this componéht by means of lock—iﬁ.techﬁiquéé usingbphasé sensi-
tivé detection. Neﬁeftheless; there will.bé a contribﬁtién‘to this com-
ponent of the induced voltage due to eddy-currents set up in the pick-up
coil itself, The following is a calculation of the order of magnitude
of such signals expected to appear in general and in our experiments in
particular,

Consider a single layer coil of N turns wound on a sample of
radius R, the wire itself being of radius a. The peak induced voltage

€ in phase with the applied field is given by €, = 8ﬂ2NRavu"ho where v

" is the imaginary part of the permeability

is the frequency of h(t), u
of the copper under application of h(t) and ho is the m;gnitude of h(t).
Here we have assumed that a << R. In general, bo = (u' - iu")ho

where the real and imaginary part of the permeability are taken to be
those given by Landau and Lifshitz18 for an'infinite cylindér of radius

a situated in a transverse ac magnetic field. Our geometry approximates

this case quite well since R >> a,
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In the limit of § >> a where § is the skin depth (a condition also

well met in our case) one can write:

ul = uo [l - L (.é’.j] =~ ]Jo
24 \§
. M 2
and "' = "o [a : _ -7
B <5> where uo T 47 x 10 .

Substituting for the skin depth its usual expression and converting from
MKS units to those of experimental convenience, we arrive at the form for
the RMS value of the eddy signal, {e) = 8.77 x ].O-l6 %Ri- a3\)2ho volts
where R and a afe in cm, p in §°* cm, ho-in Oersted and v in Hz. For

the actual parameters occurring in our experiments this yields a value

of &> =0.4 pv at a field amplitude of 165 Oe and a frequency of 200 Hz.
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Appendix B
Analysis of the Experimental Method
Consider the applied ac magnetic field to be represented by

_ iwt
h(t) = hoe

We can then represent the response of the induction as
follows: b0 = u'iho in the helium space interior to the copper windings
of the coils and bo = (u' - iu")ho within the windings themselves. 1If
no flux penetrates the superconductor (a good approximation in fields of
a few Oe where the compensation condition is set) then the compensated
signal is given by:

d¢

£ = NC EER where Nc,‘Np are the number of turns of the compensator
and pick-up coils respectively, and ¢c, ¢p refer to the flux threading
the compensator and pick-up coils respectively, both within their enclosed
areas and within the actual windings. In terms of the peak induced
signal €,» We have:
€y = 21d (N R - NR) Weh + im{2N [RARL] + R du'] -
nNcRc(Rcui + 2du") }who
where Rp’ Rc’ RS are the radii of the pick-up coil, compensatng coil and
sample respectively, AR is the mean difference between Rp and Rs’ d is
the effective thickness of the wire assumed to be the same tor both
pick-up and compensator windings, w is the angular frequency of the
magnetic field, n is the fractional value of the field at the location
of the compensating coil relative to the field value at the location of
dh

the sample. The compensation of the induced signal in phase with Frs

is achieved by mechanically adjusting the former on which the coils are
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wound as described in the text since obviously n = n(x). Proper compen-

sation then means that the imaginary term in the above expression for

2NRs /R + d

N R R + 2d
cc c

€, is zero which yields for AR<<RS, nx) = ) independent
of ho' At the low frequencies examined here it is well justified to

take ui=z TR My Even at proper compensation, however, there will be

a non-zero real part to €, and inserting the above expression for n yields:

€ = 27N _R dy"wh (Rc B 2AR>
o P s o

R, +2d

where replacing the expression in the parentheses by unity’introduces an
error of about 57 for our geometry. This signal cannot be compénsated
out and in fact represents the loss occurring in the copper windings--a
- problem which has been examined in the text and anélyzed in Appendix A.

It is worthwhile pointing out that the signal from the‘compensatér
alone which is used to set the lock-in phase to accept only voltage sig-
nals in phase with h(t) is shifted from ideality by 6nly n1.5" of arc at
200 Hz due to the eddy component in the compensator.

It can also be shown that any channel overloading which might occur
within the loék—in amplifier due to the coherent signal in quadrature
with the one of interest will-'give rise to at most a small pseudo-
hysteretic type term--its W being frequency independent and varying as
b2,

Finally, any magnetoresistance that a pick-up coil material might

possess can be shown to lead to a weaker-than'hi‘dependenCe of WC

oil

The mean resistivity can be written as:
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- 2
o) (ho)== po 1+ aho)

where Py is the resistivity in the absence of any applied magnetic

~16 a3h2
o

p

field. For uh2<<l, W .,== 1.63 x 10 (1 - ahz)v"Joule cm"—2
o coil o
cycle_l as long as § (skin depth) >> a. °
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FIGURE CAPTIONS
Fig. 1 Sample Induction B Versus Magnetic Field H for Mo-25 at 7% Re
(H . =756 0e). T = 4.2K,
max
Fig. 2 Energy Loss Per Surface Area Per Cycle, W, Versus ac
Magnetic Field ‘Amplitude, ho’ for Mo-25 atZ Re at 205 Hz.
1650°C Anneal. T = 4.2K. Losses from dc Hysteresis loops are

shown for comparison. wz_wl

Fig. 3 Loss Enhancement Factor, _—W;—— Versus Field Amplitude, ho’
for Mo-25 atZ% Re at 50 Hz,

Fig. 4 Loss Per Surface Area Per Cycle in Copper Pick-Up Coil, W u’
Versus Square of Magnetic Field Amplitude, hi.

Fig. 5 Induced Voltage Signal in Copper Pick-Up Coil at 500 Hz
Versus That at 200 Hz for Common Values of Field Amplitude.
Scale is in uv,

Fig. 6 Magnetization Curve of Single Crystal Niobium at T = 4.2K.

Fig. 7 Loss Per Surface Area Per Cycle W., Versus Frequency of Applied
Magnetic Field, v. (a) Single Crystal Niobium (b) Low-loss
NbBSn. Both sets of data have been corrected for eddy losses
in copper pick-up coil.

Fig. 8 Hysteretic Losses Per Surface Area Per Cycle, Wo’ in NbBSn
Versus Magnetic Field Amplitude, ho.

Fig. 9 F(ho) Versus Square of Magnetic Field Amplitude, hg. Data

have been corrected for eddy losses in copper pick-up coil.

*
Arrows indicate ho'
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Fig. 10 Scanning Electron Micrographs -

(a) aﬁd (b) Full Field and Edge of high-loss Nb3Sn

(c) and (d) .Full Field and Edge of low-loss Nb.,Sn

3 _
(e) and (f) Full Field and Edge of single crystal Nb.
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ITI. DISPERSION HARDENING OF ALUMINUM

A. Introduction

In the proposed underground superconducting power transmission
lines, ultrahigh-purity aluminum is a candidate matefial for the compo-
nent serving to carry fault currenfs and to provide a path for the rated
current should the superconductor temporarily go normal. If the aluminum
could also mechanically support the superconductor assembly, certain
design simﬁlifications and weight savings might be realized. High
purity aluminum, though electrically suitable, does not have sufficient
strength to accomplish this, It has been the purpose of this research
to discover methods for producing a strengthened aluminum while retaining
reasonably high conductivity.

We are exploring the possibility of manipulating the dispersant in
a dilute, precipitation hardenable alloy whose solid solubility is
extremely limited.

B. Residual Resistivity Ratios (RRR)

The initial experiments designed to demonstrate what effect aging
has upon the residual resistivity ratio of aluminum-gold alloys were
completed during this quarter. A standard four-probe dc technique was
used tolmeasure the voltage drop in a wire specimen through which a
known current was passed. From this information a resistance could be
calculated. Measurements on the same specimen at 273 K (ice-water bath)
and at 4.2 K (liquid helium) allowed determination of the residual

resistivity ratio, RRR.
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Wires of three aluminum-gold alloys containing 0.07, 0.12, and
0.26 wt % gold, respectively, and pure aluminum with no alloying addi-
tions were solution heat treated at 600°C for 16 hr in a salt bath and
then quenched into an ice-brine solution at near 273 K. Next the
quenched specimens were aged in boiling organic liquids or molten salt
at temperatures of either 371 K (98°C), 460 K (187°C), or 573 K (300°C)
for times of 0.1, 1, 10, 100, or 1000 hr. Figs. 1 through 3 show the
variation of RRR with aging time for these alloys at the three aging
temperatures. The following characteristics of these data seem note-
worthy:

(1) In the solution heat treated and quenched (SHTQ) condition the
RRR of the alloys is low due both to the retention of the gold
in solid solution and to the production of point defects
(vacancies) and defect clusters during the rapid quench. The
latter_factor is the primary reason the RRR in the pure
aluminum is only 3800 rather than 13,000.

(2) Aging at the indicated temperatdfes causes the RRR to increase
in all these materials. Note RRR is plotted on a logarithmic
scale., In the alloys this change may be attributable
primarily to the precipitation of gold from solid solution.

(3) For the alloys the increase in RRR 1s greater the higher
the aging temperature. The maximum effect was achieved in the
0.12 wt % Au alloy at 573 K (300°C) where RRR increased from
115 to 2674 after aging for 1000 hr. This represenfs a factor

of 23 change in RRR.
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4) AfterxSHTQ, pure aluminum can be brought back to its original
RRR (Vv13,000) by aging for 1 hr at 460 K (187°C) or 0.1 hr at
573 K (300°C) but after 1000 hr at 371 K (98°C) the RRR is
back only to 10,000 indicating some quenched-in defects have
not yet annealed out.

(5) At aging temperatures of 371 K (98°C) and 460 K (187°C) the
0.12 and 0.07 wt %Z Au alloys behave very much alike but at
573 XK (300°C) that is not the case.

(6) These data suggest that the more substantial changes in RRR
occur during aging at the higher temperatures. Additional
aging treatments therefore should be carried out at 513 K
(240°C) and 623 K (350°C) particularly for the 0.26 and
0.17 wt %Z alloys.

(7) The fluctuations in the curves plotted in Figs. 1 through 3
need further study. They may merely represent sample-to-
sample variations or they may indicate subtle facets of the
precipitation process and additional experiments are now
underway to verify this. We have also checked the reproduci-
bility of our experimental technique. Repeat runs on the
same specimen usually gave RRR's within 1% or less of

previous values.

C. Microhardness Measurements
A second set of sbecimen wires were solution heat-treated, quenched
and aged in the manner offthe RRR specimens. Vicker's microhardness
measurements were made on the cylindrical surface of the wires using a
Leitz microhardness tester and loads of either 25, 50, or 100 g. Diftfi-

culties were encountered in the softer of the alloys and the pure
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aluminum. Reproducibility was poor, hardness values seemed unrealistic
and little or no hardness change was detected on aging. Part of the
problem may be attributable to the type of wire specimen that was used
and the difficulty of measuring hardness in soft materials on cylindrical
surfaces. We aré currently making up a new set of specimens where
microhardness measurements can be made on flat, parallel-sided surfaces.
In addition, more measurements will be made on each specimen. This will
give us better statistics and improve the precision of the reported
values. 1In épité of these difficulties, microhardness data for the 0.26
wt %Z Au alloy were considered reasonably good. Fig. 4 depicts how
microhardness varied with aging time at 371 K (98°C), 460 K (187°C), and
573 K (300°C) for this alloy. Except for the solution heat treated and
quenched condition, these results compare favorably with work by Heimendahll
on a 0.2 wt Z Au alloy. The important feature is a proﬁinenf hardness
maximum after 10 hr aging at 187°C. A lesser maximum also

occurred at 300°C but at very short times s 0.037 hr (4 minutes). The
data at 98°C suggest the possibility of two maxima--one at 1 hr, the
other at times longer than 1000 hr. More detailed measurements are
needed to confirm that possibility, however. The microhardness of the
SHTQ specimens was always larger than the results found by Heimendahl.1
We attribute this difference to specimen size--primarily wire diameter,

and quench rate. This point, of course, needs further study.

D. Tensile Testing
Our initial attempts to obtain mechanical propérty(data in the form

of stress-strain curves from these alloys indicated an imperative need
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to improve our technique. Wires from the RRR studies of pure aluminum
and the 0.12 wt % Au alloy in the SHTQ and aged conditions were

epoxied to pre-machined brass grips, as shown in Fig. 5. Testing of
these tensile specimens caused slippage between‘the aluminum specimen
and the brass grips in spite of being bonded by epoxy. Our inability to
use a strain gauge to measure elongation negated the possibility of
obtaining the stress-strain cufve. Because of the bulkiﬁess of the
specimens, it was very difficult not to introduce extraneous or inadver-
tent deformation into the wires which in all probability would influence
the test results. We were able to obtain the ultimate tensile strength
(UTS) on four specimens and these are listed in Table I. These values
should be considered tentative and their reliability questioned, however.
We are now seeking alternate methods of producing tensile.specimens and

with improved technique we should obtain better data in the future.

E. Composite Materials

Mechanical strengthening of aluminum by means of long fibers embedded
within the matrix of the aluminum offers a potentially attractive alter-
ualive to the method of etrengthening hy precipitation hardening in the
aluminum-gold alloys. We have received composite samples from two
commercial suppliers: AVCO and DWA Composite Specialties, Inc. While
the mechanical strengths of these materials are substantial, their
electrical properties leave much to be desired. We have measured the
RRR of these specimens and Table II summarizes the results. Clearly the
commercial composites tested so far do not meet the standards of high

RRR required.



74

TABLE I
Ultimate Tensile Strength (Tentative)

of Aluminum-Gold Alloy at Room Temperature

Material Condition Co UTS (psi)
Pure aiﬁminum ‘ SHTQ , 4835
+ aged 1000 hr at 300°C . :
Al + 0.12 wt % Au_ SHIQ : 5872
SHTQ A 4727 -

+ aged 10 hr at 300°C

SHTQ 4716
+ aged 1000 hr at 300°C ~

SHTQ = soiu;ion heat treated and quenched.
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We feel that the quality of the aluminum matrix material apd the surface
interaction between matrix and fiber need to be given considerable
attention before a high RRR composite is possible.. To that end, we
engaged John Banker of the UCC-ND Y-12 Plant to prepare rods of
aluminum composites using our high RRR aluminum as starting material.
We have now received specimens prepared‘by liquid infiltration casting
‘of the following composites:.
1. Pure aluminum RRR = 13,000 initially (control)
2. Aluminum with boron fibers
3. Aluminum with boron fibers coated with boron nitride; 3 and
6.vol % fiber.
4, Aluminum with silicon carbide fibers; 3, 6, and 9 vol %
fibers.
5. Aluminum with tungsten-3 7 rhenium fibers; 2, 3, 6 vol %
fibers.
We will be testing these materials for their electrical properties and
to determine whether or noﬁ atomic diffusion at the fiber/matrig interface

caused degradation of the RRR of aluminum.

F. Work in Progress
Further progress depends on whether continued funding will be pro-
vided for this program. In addition to. the directions alréady discussed
in the previous pafagraphs, we would further seek to characterize our
materials by means of transmission electron micrbscopy (TEM). Our
intentions are to measure microstructural parameters quantitatively and
correlate these with our RRR measurements. We also would emphasize the

mechanical testing of our materials.
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TABLE II

Results of Spe

cimens

Reinforced
Matrix Fiber
Supplier Material - Material RRR
As—Received Heat Treated
2 hr 525°C
DWA 6061 Al 45 vol 7 B 3.5 5.4
OFHC Cu 45 vol 7 B .- 93.6 115.3
202 Al 30 vol % C 2.1 4.4
Cu-10% Sn 45 vol % C 37.2 1 92.9
AVCO Al B-SiC
13.6% 22.2 32.8
26.6% 17.5 21.5
43.3% 18.6 23.9
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G. Personnel

' Personnel associated with the Dispersion Hardening in Aluminum
Program during the quarter include the following:
Dr. R. A. Vandermeer, Group Leader, Metals and Ceramics Division

Mr. J. C. Ogle, Technician
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FIGURE CAPTIONS

Residual reéistivity ratios as a function of aging time fbr an
aging temperature of'37l.K<(989C)}‘

Residual feéistivity,ratibs as a function of aging time at an

aging temperagure,of'460AK'(187°C)}g

. Residual resistivity~ratios as a fﬁnction}of aging'time'at'an

aging temperature pff573fK,(300°C). co

Microhardness'és:é fuﬁction”qf_aging time for Al + 0.26 wt 7 Au

“alloy aged at 371 K (98°C), 460 K (187°C), and 573 K (300°C).

Close=up of tensile specimen.’
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