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ABSTRACT

Electrical resistivity measurements have been made on high-purity

plutonium metal.and 3.5 atomic percent and 5 atomic percent gallium-

plutonium alloys over the temperature range of 26°Kto approximately

773°K.

The resistivity of plutonium metal reaches a maximum at 100°K.
.

From 100°K to 6’jO°Kthe material has a negative temperature coef-

ficient of resistance (~, @ and 7 phases). The slope becomes positive

in the b and.5’ phases. The e phase had a zero temperature coefficient

within experimental error. From @O°K to 773°K the resistance-

temperature curve of the plutonium metal is quite flat.

The electrical resistance of the Z.!jatomic percent gall.iumalloy

peaked at l~O°K. The resistivity values of the gallium-plutonium

alloys vary only a few percent in a temperature range of ~OO°K.
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1. Introduction

Electrical resistivity measurements have been made on two spec-

imens of high-purity plutonium metal and on 3.5 atomic percent and 5

atcnnicpercent gallium-stabilized,b-phase plutonium alloys over

temperature range of 26°Kto approximately 773°K.

Because of the importance of heat leaks at liquid hydrogen

temperatures, it was convenient to devise one piece of apparatus

cover the rsnge of 20°K to room temperature and another to cover

range of rocantemperature to slightly above 773°K.

the

to

the

Besides determining temperature coefficients of resistance in the

various phases of the high-purity metal, it was

phase-change temperatures quite accurately.

One of the high-temperature determinations

possible to determine

of electrical

resistivity of the high-purity metal was

the furnace and surroundings were caused

the plutonium rd. This heating was not

done under conditions in which

to follow the self-heating of

strictly adiabatic because of

the mass of material in close contact with the specimen.

2. Exper*ntx3J.

2.1 Low-tenrperatureApparatus and Procedure

In the apparatus for each temperature range, the current, paten-

tial.and thermocouple leads were spring hadedbecause of the difficulty

of making solLderedconnections to the plutonium.
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Figure 1 is a sketch of the asseniblyof the low-temperature

electrical :resistivityapparatus, which was designed to take a rod

approximtelLy 5-1/2 inches in length by 1/1 inch in diameter. The

details of spring loading are shown at the side in the sketch.

Thermocouple wires were soldered into smalJ holes drilled through

the tip of Itheplatinum pins used as potential contacts. The thermo-

couples were made from Leeds and Northrup No. 30 B and S Copper-

Constantan Duplex Wire, enamel and glass insulation calibrated for

low-temperatureuse. Millivolt readings were taken with a Leeds and

Northrup Portable Precision Potentimneter, and resistivity measurements

with a Leeds and Northrup Precision Kelvin Bridge.

blocks were used as current contacts at the end of

A copper rod (also a current lead) from which

suspended passed through Q Wilson seal. All other

Gold-plated copper

the test specimens.

the a~paratus was

electrical and

thermocouple leads were taken from the

seals.

The test specimens were carefully

vacuum space through Kovar-glass

polished to remove oxide and a

micrometer was used to determine the average cross section in the

length of rc)dbetween the potential contacts. After a specimen was

placed in the spring-loaded assembly,

contact points was carefully measured

scope, and the copper can (wound with

fastened in place with small screws.

the distance between potential

by means of a traveling micro-

heater wire) was lifted up and

Neti the outer brass can was

lifted up around the assembly and soft-soldered

5

to vacuum tightness.
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The dewar and cryostat were finally put in place around the brass outer

can.

After ~Leak-testingand pumping for a day (or longer), approximately

1 to 2 mm of helium were admitted to the vacuum space as heat-exchange

gas. Liquid nitrogen was transferred to the dewar and when the assetily

temperature had reached a constant value, the liquid nitrogen was

removed. The temperature of the assembly increased very slowly, taking

from 8 to 12 hours to reach room temperature. To warm up the specimen

from liquid nitrogen temperature to 2T5°K in 9 hours, it was necessary

to pass a SI.OW flow.of helium through the dewar system. Initially the

temperature rise was around l/3°K to l/2°K per minute, but approaching

room teIQC2YXLfXU?e, this dropped to l/6°K to l/4°K per minute. The

heater on the inner copper can was used only to get readings above room

temperature, Resistivity and temperature readings were taken at fre-

quent intervals during warming to obtain the temperature-resistivity

curve.

The first run from the temperature of liquid nitrogen to room

temperature was made to prove that spring-loaded contacts to the test

specimen were good and that the Kelvin bridge was working correctly.

The assembly was again cooled with liquid nitrogen, the nitrogen was

blown out of the dewar with helium gas, and liquid hydrogen was trans-

ferred into the dewar surrounding the test specimen. After the

resistivity readings were obtained at approximately 26°K(lowest

temperature reached because of heat leaks and the heat generatedby

7
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the plutonium), the liquid hydrogen was allowed

of resistivity and temperature were taken until

at room temperature.

The comparison of values of resistirity vs

to boil off and readings

the specimen was again

temperature from liquid

nitrogen and liquid hydrogen runs will be discussed in Sec. 3.

2.2 High-temperatureApparatus and Procedure

The high-temperature electrical.resistivity apparatus was designed

to take the same cylindrical rod specimens (3.5 inch length by O.2s

inch di-ter ) investigated in the low-temperature apparatus.

The twc~gallium sJJ_oysand one plutonium specimen were measured in

an assembly which was a variation of the apparatus described in the

fOllOWing p&LragI’aphS..

The specimen was placed on a grooved lavite block, which was in

turn supported at the center of a copper cylinder wound with heater

wire. Placed at points below the current and potential contacts were

thin, narrow strips of platinum to which were silver soldered the

chromel-alumel thermocouples for measuring temperature. The thermo-

couples actually were in contact with the rod. The current and

potentia3 ccmtacts were spring-loaded from the top of the copper

der and insulated from the cylinder by means of lavite spacers.

cylin-

l!he

. potential pins were constructed with a screwdriver

contact to the specimen. Springs used for loading

“X” wire for heat resistance.

tip at the point of

were made of Inconel

The copper cylinder was spaced in its surrounding,stainlesssteel

8
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vacuum jacket

and thin-wall

by a lavite block and supported on one end by bolt studs

stainless steel tubing connected to a water-cooled can,

Which was in turn connected to the cover of the stainless steel vacuum

jacket. Three radiation shields were spaced between the water-cooled

cover and the copper cylinder. The current, potential drop and thermo-

couple wires from the test specimen were wrapped around the recessed

end of the copper can before taking them to the water-cooled can for

several.more turns prior to soldering them into Kovar-glass thermo-

couple feed-through headers. The cooling of lead wires was to prevent

melting of the soft solder used to seal wires in the Kovar-glass headers.

The wires were wrapped zmound the copper cylinder so that they wouldbe

warmed to furnace temperature before making contact to the test specimen.

After insertion of the test specimen into the copper cylinder, thin

copper end plates (additional.radiation shields) were fastened into

place on the ends of the copper cylinder.

A differential thermocouple was connected between a platinum

strip under the test specimen and the inner copper cylinder. 1.s

differential.

Proportional.

heater wouncl

thermocouple was fed to a Brown Electropulse Relay and

Controller which controlled the d.c. current fed to the

on the copper cylinder, the object being to permit the

plutonium specimen to warmup as nearly adiabatically as possible with

the set-up. The temperature of the surrounding copper cylinder was

biased to lead the specimen by several microvolt except at phase

changes. The furnace surrounding the stainless steel vacuum jacket

9
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was controlled manually to lead the specimen and its surrounding

copper cyl:inderby several degrees.

Although the above paragraph outlines the objective of the heating

cycle of the test specbens, this procedure was not followed with the

first spectin because of apparatus failures. The actual heating time

was approx~tely one-third of that taken in heating the second spec-

imen under something reseniblingadiabatic conditions.

The f:~rstplutonium specimn (No. 1928)placed in the high-

temperature apparatus waa heatedat abcut 3/4°Cper minute up to the

C+ transition and then at an average rate of 1°C per minute up to

773°K (500”C) . The second high-purity specimen rose in temperature at

a rate which varied around l/3°C per minute except at phase transitions.

The 3.5atomic percent gallium-stabilized,b-phase specimen was

heated to 235°C(508°K) on one day, held slightly under this tempera-

ture overnight and heated to 486°C (759°K) on the second day at a rate

of 2/3°cper minute. The 5 atomic percent specimen was heated in the

high-temperatureapparatus at a rate slightly less than 1°C per minute

up to 770°1{)with readings taken at frequent intervals.

Thermocouples were made of chromel-alumel wires for the high-

temperature run. The actual thermocouples used (silver soldered to the

platinum strips) were calibrated at the steam point and at the freezing

point of U. S. Bureau of Standards samples of tin, lead, zinc> and

aluminum.

The I#?edsad Nofihrup Portable Precision potentiometer used in

10
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measuring temperatures was checked against a Type K-2 Potentiometer

previously calibrated by the Los Alamos Standards Laboratory. Maximum

differences were 4 microvolt in the range gO°C to 500°C.

In both the low- and high-temperature assemblies, there were

sight holes through the retaining ring or surrounding cylinder to

permit measurements of the distance

points with,a traveling microscope.

the contact points were arbitrarily

were closely fixed at k cm apart in

between potential drop contact

In the low-temperature apparatus

set about 3 cm apart. The points

the high-temperature apparatus.

2.> Specimen Preparation and Purity

The plutonium specimens were prepared from high-purity material

and cast oversize in CaO crucibles. The maximum remelting temperature

of specimen 1928WELS850°c. Because of a flaw in the casting, the

first rod specimen was machined to 0.21.7inch in diameter. It was not

bright polished and was submitted in anhydrous ethyl alcohol. The

second specimen (No. 2202) was machined to a nominal and quite uniform

0.250 inch diameter and polished brightl.ybefore placing in zuihydrous

ethyl alcohol for refrigerated storage until measurements could be made.

Table I shows the chemical composition of the metal.in specimen

1928. The material submitted for analysis was from the melting and

casting stock and from the

high-temperature run.

It was requested that

top and bottcm ends of the ral after the

turnings from the machining of specimen

2202 be carefuldy taken from each end and submitted for chemical
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Element

c
s
Li
Be

E-
Ca
Al

La
Si
Pb
Cu

Ni
Cr
B
Mn

Sn
Bi
Fe
v

co
Ba
Mo

Sb
As
Zn

0

TABLE I
.

CHEMICAL ELEMENTS PRESENT IN PLUTONIUM SPECIMEN 1928

Melting
Stock,
ppm

20
65
<0.2
<0.2

<5
<3

:;

<10
10
3
15

3
<5
0.4
15

3
<1
10-40
<20

<5
<10
<200

<10
<20
< 20

----

!?mmples Taken after High-temperatureRun
Top-end Turnings, Bottom-end Turnings,

ppm ppm

50, 50, M, 45 55, 55
---- ----

<0.2 <0.2
<0.2 <0.2

<lo <lo
<5 <5
<5 <5
<5 <5

<10 <lo
3

<: <1
5 5

3 1

5 <5
---- ----
---- ----

---- ---- ,
---- ----
215 1X
---- ----

---- ----
---- ----
---- ----

---- ----
---- ----
---- ----

60,190 80,lgo

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



analysis. Results of this analysis and for material sampled from the

ends of this cylindrical rod after the high-temperature run are shown

in Table II.

The calcium

high in original

content in parts per million

turnings from the top end of

is indicated to be rather

specimen 2202, while

calcium is negligible in turnings

ments up to 500°C. Since the rcxi

the crucible may have gotten into

from this same rod after the measure-

was cast in a CaO crucible, part of

the material for analysis, or there

may have

The

The

been some CaO-rich slag trapped in the top-end metal.

density of specimen 1928was19.64andof 22o2was19.63.

b-phase,stabilized plutonium specimens were prepared as

cylindrical rods for resistivity measurements. Table III gives the

specimen numl~ers,their sizes and their heat treatments. Also is shown

the initial.:resistivityof each specimen, as well as the final resis-

tivity after slow cooling from the top temperature reached with each

rod.

Two specimens were made from the same 3.5 atomic percent gallium

melt and these were numbered 1$107-aand lg07-b. Measurements at high

temperatures were made first with specimen lg07-a, and specimen 1$107-b

was held back and used in the low-temperature measurements.

3. Results.

In Fig. 2, the resistance of each of the high-purity test spec-

imens is plol;tedas 100 times the resistance at any specified

13
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Element

c
s
Li
Be

Na
m
Ca
Al

Ia,
Si
I%
Cu

Ni
Cr
B
Mn

Fe
v

co
Ba
Mo

Sb
As
Zn

o

TABLEII

CHEMICAL ELEMENTS PRESENT IN SPECIMEN2202

Original M3chining After High-temp. Run
Melting
Stock,
ppm

20
<10
.!---
-----

<:5
<:3
40

<Z5

10
.---
----
----

----
----
c 0.5
30

50
<20

----
----
<20

c 10
< 20
< 20

----

TOP
Turnings,
ppm

320, 360
----
<0.2
<0.2

<10
<5

150 to 800

<5

<10
3
3
1

<1
----
----
----

70
----

----
----
----

----
----
----

----

Bottom Top
!hrnings,Turnings,
Pm

m, go
----

<0.2
<0.2

<10
<5

5
<5

<10
<1

;

<1
----
----
----

35
----

----
----
----

----
----
----

----

ppm

145, 120
----

<0.2
<0.2

<10
<5
<5
<5

<10
3
1
3

1
----
----
----

225
----

----
----
----

----
----
----

440, 710

Bottom
Turnings,
ppm

90,60
----
<0.2
<0.2

<10
<5
<5
<5

<10
3
1
5

1
----
----
----

265
----

----
----
----

----
----
----

340,380

14
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temperature over the resistance at O°C vs the absolute temperature.

The peak in resistance is at approximately 100°K; andfran 100°K to

600°K, the temperature coefficient of resistance is always negative.

From hO°K to 787°K, the percentage change in resistance is not very

great; i.e., approximately 13$.

As noted in Sec. 2.1, each specimen was checked at the temperature

of liquid nitrogen and allowed to warm ~) to room temperature before

cooling again with liquid nitrogen and hydrogen. Then resistivity

readings were taken frcxnthe low temperatures until roan temperature

was reached. The reproducibility of resistivity readings was as

follows: At room te~erature the initial value of resistivity of

specimen lg2~ differed from the final value by 0.3$, after being down

to approximate~ 26°K. This same difference in the case of specimen

2202 was Oqy 0.05*. In the case of the first specimen tested, the

resistivity !atthe temperature of maximum resistance, i.e., 100°K,

differed on the liquid nitrogen and liquid hydrogen runs byO.1~. The

difference i:nresistance of the second specimen at 100°K in the liquid

nitrogen and liqtid hydrogen runs was only 0.05~.

In Fig. 3, the calculated volume resistivity of specimen 2202 is

plotted vs temperature in degrees Kelvin. The dilatmeter data from a

high-purity specimen was suppliedby LASL Group CMR-5 and used in the

computation of values from room temperature to 52k°C. The low-tempera-

ture dilatometer data (room temperature to approximately -200°C) used

was for mate:rialof normal purity. As nc)tedbefore, the high-temperature
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resistivity values, plotted in Fig. 3, were obtained under conditions of

self-heating of the rod. It is evident from this figure that the change

in resistivity at the p-y and 6-8’ transitions is not very great.

Comparable values of resistivity of the two pure specimens taken

from the smoothed-out temperature-resistivitycurves for each specimen

are given in Table IV.

TABLE IV

COMPARISON OF RESISTIVITY VALUES OF HIGH-PURITY PLUTONIUM

Resistivity, vohm cm
Temperature, (from Smoothed-out Curves)—

‘JK -

215

215 ● 5
513

100
150
273.2
383
429
475
505
593
625
725
735
774
787

Speci3ien1928

61.1
----

127.0
157.0
153.5
146.3
141.0
107.5
107.0
106.2
105.0
97.7
98.5
99.4
107.1
----

SPECIMENS

Specimen 2202

----

68.5
130.0
156.5
153.5
1.46.6
141.8
109.5
I.lo.0
109.5
109.3
103.0
104.0
104.8
114.o
13.4.1

Table V compares the temperature coefficient of resistance of the

two high-purity specimens, where temperature coefficient of resistance

is defined as the ratio of change of resistance in a specimen duetn a

change of temperature of 1°C to its resistance at O°C.

19
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TABLE V

TEMPERATURE COEFFICIENT OF RESISTANCE OF HIGH-PURITY PLUTONIUM SPECIMENS

TemperatW
~ Q (x 105)
pnO dT

Specimen 2202Phase Specimen 1928Range, ‘K

27-50
126-293
302-381
420-470
503-590
625-725
E6-747
761-775

+1948.0* 3.0
-42.7+ 0.4
-15,0* 1.0
-7,4* 1.2
-6.2* 1.2
+5,1* 1.0
+39.9* 4.0
0,0*5.O

Table VI gives the phase change temperatures

+1733.0 * 3.0
-40.9 * 004
-26.5 il.o
-5,1 * 1.0
-3.9 * 1.0
+9.4 * 1.0

+48.7* 5.0
O.(I* 5.0

as determined from

the resistivity measurements. It shouldbe remeniberedthat the heating

cycle for specimen 1928, from room temperature to 5000C, was forced,

while for specimen 2202 the heating cycle followed self-heating of the

specimen itself.

TABLE VI

PHASE CHMKX TEMPERATURESAS INDICATEI)BY RESISTIVITY MEASUREMENTS

Phase @ecimen ~928 Specimen 2202
Change ‘c ‘K ‘c ‘K

a-$ 123.8* 0.2 397.0*’0.2 123.2+ 0.1 396.4* 0.1
P-7 205.4to 226 478.6to 4$5.8 ~6.; ; ~.; 474.7* 0.2
7-5 319.5* 0.5 592.7+ 095 590.1* 0.5
5-51 4&4.; : ~.; 727.5 to 731.7 456:o+ 1:0 729.2*1.O
&-e . . 753.7to 759.9 480.0to 487.4 753.2to 760.6

The curve of Fig. h compares the resistivity of the gdliumall~

at a given temperature to the resistiviby at 25°C. This was necessary

20
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because neither of the gallium alloy specimens placed in the high-

temperature apparatus had resisti’vitymeasured at O°C. Figure 1 shows

that the resistivity of the 3.5 atomic ~lercentspecimen varies only a

few percent in the temperature range 15C}°Kto 760°K. There was a

slight drop in resistance at the a+ phase transition temperature,

showing the presence of some o!-material. In the low-temperature

measurements, the resistance peaks at 160°K, which is 60°K higher

temperature than the peak for plutonium metal. The resistance at

in

26°K

is still

The

treated)

81.5* of the room temperature value.

5 whmicpercent gallium-stabilized~-phase

had a fairly flat resistance curve over the

plutonium (heat

entire range of

temperature measurements. Measurements of resistance of the 3.5 atOmLc

percent specimen (1907-a) were taken at intervals while it slowly

cooled back to room temperature. This cooling curve was even flatter

than the heating curve and was consistently higher than on the heating

cycle until a temperature of 117.7°C (121S.90K)was reached, when there

was a crosscwer. The cooling curve of resistance was then parallel to

the original.heating curve from about lh)°C on down to room temperature,

where the final value was 99.1% of the original room temperature value.

The slow cocling from the top temperature of 761.7°K to room tempera-

ture had a homogenizing and stabilizing effect, because on heating a

second time there was no sudden drop in resistance at the CY+ phase

transition temperature. This second curve paralleled very closely the

one found for heat-treated 5 atomic percent

22

gallium alloy, as shown in
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‘~~ UNCIASSIFIEB

Fig. 4. As noted above, the ‘curvefor

over the entire temperature range from

Readings,of

percent specimen

curve on cooling

resistance were taken

thk latter alloy

298°KtO -j73°K,

while cooling the

is quite flat

5 atomic

(1886-1)d- to 269°c. Thetemperatureresistance

was also above the heating

J. Discussion

cycle curve.

vs temperature in the case

to 100°K does the material have a resistivity typical of

In examining the curves of resistivity

of high-purity plutonium, one notices that only in the low-temperature

region of 26C’K

a metal.

Low-temperature measurements of electrical resistivity were made

on a plutonitimspecimen of low purity at a much earlier date than that

for measurements reported here. The position of the hump (i.e., 100°K)

did not appear to be shifted in the less pure mterial, but resistance

values were slightly lower. This could be explained because the lower-

purity material was of lower density and slight amounts of f3-phase(with

lower resistivity) could have been present.

The hump in the resistance curve of plutonium at 100°K is very

similar to the humps reported in lead or i;inalloys of bismuth by

N. Thompson.* As small amounts of tin or lead are added to bismuth,

humps appear in the resistance. With a sufficient amount of tin or

* N. Thompson, “The Electrical Resistance of Bismuth Alloys.” Proc.
Roy. Sot. London, A155, 111 (1936).
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lead present in bismuth, the curve possesses a maximum in resistance.

The position of this maximum moves to higher temperatures as the

quantity of tin or lead is increased.

It has ‘beennoted in Sec. 3 that the resistivity of the 3.5 atomic

percent stabilized allw (lg07-b) peaked at 160°K, which was 60°K

higher than for the pure plutonium. It appears that the effect of

gallium is about the same On plutoniumas additional tin or lead in the

bismuth alloys.

From 100°K to 605%, the pure material has a negative temperature

coefficient of resistance. The temperature coefficient of resistance

is thus negative in the a, @ and y phases and shows slight positive

value in the 5 and b’.phases. The e phase hada slightly positive

temperature coefficient of resistance in one specimen and a slightly

negative coefficient in the crtherspecimen. These values were essen-

tially zero within experimental,error, due to the shortness of the

temperature range and the softness of the metal.

There wm found to be an uncertainty of w.k~ in measurement of

distance between the potential drop probes of the precision Keltin

Bridge Circuit. On repeated runs (on different days) down to the

temperature of liquid nitrogen with spechnen lg07-b, it was found that

the room temperature value of volume

1.4~. The room temperature value of

fore be goal to +1%.

resistivity could vary as much as

volume resistivity should there-

in the temperature range coveredby each of the runs mentioned in
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the previousparagraph,valuesof UIOR/R o were calculated,usingthe25 c

resistance:Poundat 25°C on the particularday of the run for the cal-

culations. In comparingthreelow-temperatureruns,it was foundthat

valuesof 100R/R250Cat a singletemperatureclifferedat most by three

parts in 1000 or by 0.3$. It is bekleve:dthat the low-temperature

valuesof 100R/R250C(specimenlg07-b) are gocxito #l.5% and that the

high-temperaturevaluesfor specimen1886-1are goodto *1$, if’not

better.

the

and

Admittedly,if specimen1907-ahad been

firstresistancemeasurements,the curve

more like the curvefor specimen18&l.

heat treatedbeforemaking

wouldhavebeen flatter

It shouldbe notedthat all resistancemeasurementsgivenin this

reportwereparallelto the principalaxis of the originalcasting. No

measurementsweremade of resistanceperpendicularto the principal

axis and anisotropymay have considerableeffect.

An examinationof Fig. 2 and/orTableIV showsthat

temperatureresistivityof eachhigh-purityspecimenwas

(ata giventemperature)from approximately26°K to room

the low-

very comparable

temperature.

In the highertemperaturephases,the valuesof resistivitywere spread

apartand the temperaturecoefficientswere different

inconsistencyin high-temperaturevalueseven carries

changetemperatures,whichdifferby as much as 3.9°C

samples. The differencesin indicatedtemperatureof

(TableV). The

overto the phase-

in the two

a phase change

couldbe influencedby rate of heating,whichwas differentfor the two
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MMIASSIFIEII

pure specimens;and alsoby locationof thermocouples,as the reported

temperaturefiare an averageof the two readingstakenat tine of

resistancemeasurements.

Magneticsusceptibilitymeasurementsmadeby A. A. Cmstock of

LML Group(XVIR-13show considerablescatterin valuesin the phases

occurringat temperaturesabovethe o+pkae. Abuvethe a-p transiticm

temperature,reproducibilitydoesnot appearto be very good in either

resistivityor magneticsusceptibilitymeasurements.

‘–gpl&--—-.-—.—..-——-
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