32 Transactions on Electrical and Electronic Materials, Vol.1, No.2 June 2000

Low Temperature Thermal Conductivity of Sheath Alloys for
High T_ Superconductor Tape

Hyung Sang Park, Seung Jin Oh, and Jinho Joo
School of Metallurgical and Materials Engineering, Sungkyunkwan University, Suwon, Korea

Jaimoo Yoo
Department of Materials Processing, Korea Institute of Machinery and Materials, Changwon,
Korea

E-mail : Jinho@skku.ac.kr
(Received 30 May 2000, Accepted 23 June 2000)

Effect of alloying element additions to Ag on thermal conductivity and electrical conductivity of
sheath materials for Bi-Pb-Sr-Ca-Cu-O(BSCCO) tapes has been characterized. The thermal
conductivity at low temperature range (10~300 K) of Ag and Ag alloys were evaluated by both
direct and indirect measurement techniques and compared with each other. It was observed that
the thermal conductivity decreases with increasing the content of alloying elements such as Au,
Pd, and Mg. Thermal conductivity of pure Ag at 30 K was measured to be 994.0 W/(m-K), on
the other hand, the corresponding values of Ag;o00sM8oo00s» ALo97aAUG025ME0001
Ago o3 Aly 0psMEo 002, and  Ago,PdgosMgoe; Were 342.6, 62.1, 59.2, and 28.9 W/(mK),
respectively, indicating 3 to 30 times lower than that of pure Ag. In addition, the thermal
conductivity of pure Ag measured by direct and indirect measurement techniques was 303.2 and
363.8 W/(m-K). The difference in this study is considered to be within an acceptable error range

compared to the reference data.
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1. INTRODUCTION

Superconductors can be applied to various power
systems such as power generation (motor and generator),
transformer, current limiter, and power distribution
(network), etc., owing to the zero resistance and
Meissner effect. For these systems, it is necessary to use
current leads with good properties in order to deliver
power at liquid helium. The present superconducting
magnets utilize conventional copper current leads
requiring four liters of liquid helium per hour for cooling
purposes, so the leads cooling requirement was a major
load on the liquefication system[1]. Whereas, high-T,
superconductor(HT_S) current leads are expected to lead
enhancement of carrying capacity and reduction of heat
leakage into the coolant: the former extends the
application range for large scale superconducting
systems, while the latter improves total performance due
to decreasing the consumption of expensive cryogen|[2].
To this end, it was expected that using high T,

current leads, PIT process, alloy, superconductor tape, specific heat, thermal

superconductor as a hybrid-type current leads reduce this
consumption.

Recently, the powder-in-tube(PIT)-processed tape has
received considerable attention for the application of
current leads[3], since HT,S current leads with a
stacking Ag-sheathed BSCCO tape have been proposed.
The BSCCO tape made by the PIT process has a
desirable geometry in which brittle superconductor oxide
is surrounded by an Ag sheath. The current leads made
of stacking Ag-sheathed BSCCO tape has several
advantages of high critical current density (J;), good
strain tolerance, and ease in making a long length and
various geometries. The only weakness is significant
helium consumption caused by heat leakage due to high
thermal conductivity of the Ag sheath so that the
electrical and thermal properties of sheath materials need
to be modified for the application of current leads. To
this end, sheath materials with lower thermal and
electrical conductivity need to be developed, and this can
be done by developing Ag alloys by the addition of
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alloying elements to Ag.

Much research has been performed to develop various
Ag alloys as sheath materials. Among them, binary
systems of Ag-Mg [4,5], Ag-Au [6,7], Ag-Cu [8,9], and
Ag-Ni [10] and ternary systems of Ag-Mg-Ni [11,12],
Ag-Pd-Mg [13], Ag-Au-Mg [14], and Ag-Au-Al [15]
were reported to alternative sheath alloys without
degrading critical current to a large extent. In their
studies, however, the electrical and thermal properties of
various sheath alloys did not systematically evaluated.
To this end, we fabricated Ag alloys of Ag-Mg, Ag-Au-
Mg, and Ag-Pd-Mg, and characterized the thermal and
electrical conductivity at the temperature range of
10~300 K.

2. EXPERIMENTAL PROCEDURE

Ag alloys were fabricated by adding small amounts of
Mg, Au, and Pd elements to Ag (99.99% purity) and
melting them in a high frequency induction. In order to
make a solid solution, the contents of alloying elements
were selected to be less than their solubility limits for Ag
[16]. The compositions of Ag alloys were Ag-
Mg(0.0005 at.%), Ag-Au(0.025 at.%)-Mg(0.001~0.002
at.%), and Ag-Pd(0.06 at.%)-Mg(0.02 at.%).

These billets were extruded into hollow tubes (OD =
12.7 mm, ID = 9.5 mm) using a specially designed
extrusion die and heat treated for 8 h for N, atmosphere
in order to release strain hardening during the extrusion.
The extruded tubes were compacted by swaging and
rolling. Intermediate annealings were often incorporated
between successive swaging and drawing steps. The
final thickness and width of the tapes after rolling were 2
mm and 6 mm, respectively. These tapes were sintered in
a temperature of 840°C in air for 50 h.

Thermal conductivity of Ag and Ag-alloys was evaluated
by using two different methods : (1) direct measurement of
thermal integral technique and (2) indirect measurement
technique by measuring density, specific heat, and thermal
diffusivity. In the direct measurement, cryocooler (CTI
model 350) was used to vary temperature from 10 to 100 K.
Ag and Ag alloys (80 mm x 6 mm x 0.2 mm) were loaded
in the cryocooler chamber and then thermal conductivity
was measured by thermal integral method under steady
state condition.

In the indirect measurement, density was measured by
Archimdes method. Specific heat was evaluated using
the enthalpy method[17] by using a differential scanning
calorimeter (DSC, Perkin-Elmer, Pyris 1). Thermal
diffusivity was measured by a laser flash method[18-20].
The specific heat and thermal diffusivity were evaluated
in the temperature range of 70~300 K. For the
measurements, Ag and Ag alloys were made in disc
shape, i.e., 5 mm of diameter and 2 mm in thickness for

specific heat, and 10 mm of diameter and 4.5 mm in
thickness for thermal diffusivity. The detailed
explanation for both thermal conductivity measurements
is mentioned in section 3-1.

3. RESULTS AND DISCUSSION

3-1. Direct and indirect measurement techniques

Thermal conductivity was directly evaluated for Ag
and Ag alloys by thermal integral method as following
equation:

A (T
= —| "kdT
Q T 4y

1

where Q is the heat flux(W), A is the cross section
area(m?), and L is the length of the specimen(m), and k
is the thermal conductivity(W/(m'K)). In the
measurement, specimen was loaded on the copper
block(oxygen free high copper(OFHC) holder) in the
cryocooler chamber as shown in Figure 1. One end of
specimen was connected to the OFHC holder and the
other end contacted to heater (LakeShore, Nichrome
heater wire-NC-32) in order to induce temperature
gradient (AT) on the specimen. To reduce the heat flow
through the air and assemblage, atmosphere was set to
10 torr and epoxy glass was inserted between heater
and OFHC holder. Once the chamber was cooled down
to 10 K, predetermined current was applied to the heater
and hold until steady state condition was obtained. The
input heat flux was measured by nanovoltmeter and

multimeter (Keithley model 2182 and 2000) resultant
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Fig. 1. Schematic diagram of OFHC holder, sample,
diodes, heater, and their connections.
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was measured with Si-diode temperature sensors
(LakeShore, DT-470, 471), which were calibrated to an
accuracy of 0.05 K. The measurement was done at
approximately 20 different temperature ranges between
10~100 K and temperature difference at each range was
controlled to be less than 0.5~2 K by using temperature
controller(LakeShore, model 330).

Thermal conductivity was also evaluated for Ag and
Ag alloys by the following equations:

k=0 -C, « )

where k is thermal conductivity, o is density, C, is
specific heat, and a is thermal diffusivity. The thermal
diffusivity was measured by laser flash method as
illustrated in Fig. 2. In the measurements, a disc shaped
specimen was loaded into tungsten-meshed sample
holder in a vacuum chamber. Once the chamber cooled
down to 77 K, the temperature of the specimen was
controlled by applying current to the sample holder. At t-
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Fig. 2. Schematics of (a) laser-flash measurement system
and (b) defining the half time for thermal diffusivity.
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he desired temperature, a pulse laser was applied
perpendicular to the surface of disc specimens and the
resultant temperature rise was measured from the back
side of the specimen. The wavelength and intensity of
Nd-glass laser are 1.06 um and 2 J/pulse, respectively.
The temperature rise was continuously detected by an
InSb infra-red detector and the resultant temperature
variation with time is schematically shown in Fig. 2(b).
From the curve, the thermal diffusivity was determined
by the following equation:

k = 0.1388 -t’/time ,, 3)

where ¢ is thickness of specimen and time,,, is half time
which is elapsed time to the temperature of (T~71,)/2 : T}
and T, is the temperature before and after laser
irradiation, respectively, as indicated in the figure.

3-2. Thermal conductivity of Ag and Ag alloys

The measured thermal conductivity of Ag and
Agoo00sMBooooss  ABo97aAlo02sMBooors  ABo973Alg 025
Mg, 002, and Agg P dg0sMgp 0, alloys in the temperature
range of 10~100 K was shown in Figure 3. As shown in
the figure, thermal conductivity of Ag at 77 K was
measured to be 368.8 W/(m-K). Compared to the value
of Ag at room temperature (427.0 W/(m-K), therm-
ophysical research conference(TPRC) standard value
[21]), it is likely that the thermal conductivity is reduced
with decreasing temperature. On the other hand, the
value increased as the temperature decreased further and
reached to the peak wvalue of 2037.0 W/(m-K)
approximately at 15 K, and then slightly decreased with
decreasing temperature to ~10 K. This variation of
thermal conductivity at low temperature is similar to the
typical trend of those for pure materials. It is believed
that the increase in thermal conductivity at low
temperature is related to the phonon effect[22].

The thermal conductivity of Ago.s00sM8o 0005, ABo.s74AUg 025~
Mgo.001> ALo973AU0025M80.002, AN Ao 5oP 5 06MEo o alloys at
77 K was measured to be 266.5, 118.1, 112.6, and 82.5
W/(m-K), respectively. It is to be noted that the thermal
conductivity decreases with increasing the content of
alloying elements of Au, Pd, and Mg, suggesting that the
alloying elements play an important role for determining
the value. In addition, it is observed that the phonon effect
was significantly reduced as the content of alloying element
increased. This reduction of thermal conductivity of the
alloys at low temperature is similar to the observation by
Fujishiro et al., for Ag-Au alloys [23]. Specifically, the
thermal conductivity of Ag at 30 K was measured to be
9940 W/mK) K, the corresponding values for
Ago.909sMBo.000ss  ABos7aAU0.02sMBo001,  ABo973AUg 025MEo 002
and Ag,q,PdyesMgeo, alloys were 342.6, 62.1, 59.2, and
28.9 W/(m-K), respectively, which is 3~30 times lower t-
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Fig. 3. Thermal conductivity of Ag and Ag alloys from 10
to 100 K measured by direct method.

han that of Ag.

In view of the fact that the hybrid-type current leads
are used in the temperature range of 4.2~77 K, it is
necessary that the current leads have low thermal
conductivity at the temperature range to reduce helium
loss. Based on our data, it is expected that current leads
made by Ag-alloy sheathed superconductor tape
effectively reduce the helium loss due to the lower
thermal conductivity.

In the indirect measurement, the measured values of
specific heat, thermal diffusivity, and resultant thermal
conductivity are shown in Fig. 4. As shown in Fig. 4(c),
the thermal conductivity of Ag was evaluated to be 392.5
W/(m-K) at 300 K. In comparison with the standard
reference value of 427 W/m-K) for Ag at the
temperature in TPRC [24], our result is 8% smaller.

As shown in the figure, thermal conductivity of both
Ag and Ag alloys monotonically decreases with
decreasing temperature. The thermal conductivity of Ag
reduced from 392.5 W/(m-K) to 302.6 W/(m-K) as
temperature decreased from 300 K to 77 K. Similarly,
the values for AgoosesMgo.o00s, ALo.973AUg025ME0 00y, and
Agy 0,Pdy 0sMgo o, Were 387.6,292.1, and 149.2 W/(m-K),
respectively, at 300 K, and decreased steadily to 288.2,
1089, and 48.2 W/(m-K) at 77 K. In addition, the
thermal conductivity decreases with increasing content
of alloying elements of Mg, Au, and Pd, as observed
earlier at lower temperature.

In order to evaluate the accuracy of the obtained data,
the values of thermal conductivity measured by both
direct and indirect techniques were compared with each
other. As shown in Table 1, the thermal conductivity of
Ag measured by direct and indirect techniques was 303.2
and 363.8 W/(m-K) at 77 K, respectively, indicating that
the difference is about 16.6%. Compared to the
differences of reference data, which were reported to be
at most 1,500% [21], the difference in the study is
considered to be within an acceptable error range. It is
likely that the difference is due to (1) the larger tempera-
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Fig. 4. Dependence of (a) specific heat, (b) thermal
diffusivity, and (c) thermal conductivity of Ag and Ag
alloys on the temperature.

Table 1. Thermal conductivity of Ag and Ag alloys by
direct and indirect measurement techniques at 77 K.

Thermal conductivity at 77 K(W/m-K)
Direct Indirect v difference
measurement measurement

Ag 303.2 363.8 -16.6
Ago.999sMEo o005 287.1 266.5 7.7
Ao 974AUG 05sMBo 001 109.5 118.1 73
AgoyrsAloosMBouaz 99.7 112.6 -11.5
Ago92PdoosMBaoz 479 82.5 41.9
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Table 2. Electrical conductivity and measured and calculated thermal conductivity of Ag and Ag alloys at 300 and 77 K.

Transactions on Electrical and Electronic Materials, Vol.1, No.2 June 2000

Electrical conductivity Measured thermal conductivity Calculated thermal conductivity
Specimens (# Q'em) (W/m_-K) (Wim -K)
300K 77K 300K 77K 300K 77K
Ag 0.66 340 392.5 363.8 444.0 607.4
A0599sME0 0005 0.47 1.85 387.6 266.5 3162 330.5
AZo576AUp02sMEo oot 0.28 0.43 292.1 118.1 188.4 76.8
Aos7AU002sMEo.002 0.27 0.41 256.7 112.6 181.7 732
Agos2PdoosMEo 2 025 035 149.2 82.5 16822 625
ture gradient (AT) at the higher temperature range, (2) values of Ag alloys were 342.6~289 W/(m-K),

the slight heat flow across insert materials such as
stycast, epoxy glass, and varnish in direct measurement,
and (3) the indirect measurement of thermal conductivity
in this study.

Electrical conductivity of Ag and Ag alloys was
measured at 77 and 300 K as shown in Table 2. For Ag,
electrical conductivity was measured to be 0.66 uQ "'cm™ at
300 K which is consistent to literature value (0.63 pQ “'em
'} [24]. From the table, it is to be noted that electrical
conductivity for both Ag and Ag alloys increased as
temperature decreased. In addition, electrical conductivity
for Ag alloys is lower than that of Ag, and the value
decreased with increasing alloying elements. The electrical
conductivity for Ag, Agoee0sMBooooss ALo97aAU0025MEo0015
Ago.573AUq 025sMEo 007, aNd Agy,Pdy 0sMEo o, Were 3.40, 1.85,
0.43, 0.41, and 0.35 pQ'em’, respectively, at 77 K. This
result seems to be consistent with Nordheim rule.

From the measured value of electrical conductivity,
thermal conductivity was calculated by using
Wiedermann-Franz law and compared to measured
values in Fig. 4. From the table, calculated values for Ag,
Agoos9sMBooooss  ALo974AU002sMBooo1s  ALo.s73AUg 025
Mgy .02, and Agg,PdyosMgoo, Were 607.4, 330.5, 76.8,
73.2, and 62.5 W/(mK), respectively, at 77 K. By
comparison to the measured values, calculated values are
about 5~97% different from the measured ones,
indicating that Wiedermann-Franz law shows a certain
error range for Ag and Ag alloys.

4. CONCLUSIONS

The thermal conductivity at low temperature range
(10~300 K) of Ag and Ag alloys were evaluated by both
direct and indirect measurement techniques and
compared with each other. It was observed that thermal
conductivity decreases with increasing the content of
alloying elements such as Au, Pd, and Mg. Thermal
conductivity of pure Ag at 30 K was measured to be
994.0 W/(m-K), on the other hand, the corresponding

respectively, indicating 3 to 30 times lower than that of
pure Ag. In addition, the thermal conductivity of pure
Ag measured by direct and indirect measurement
techniques was 303.2 and 363.8 W/(m-K), respectively,
indicating that the difference is about 16.6%. The
difference in this study is considered to be within an
acceptable error range compared to the reference data.
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