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TEMPERA TITRE DEPENDENCE OF ELECTRICAL RESISTIVITY OF METALSl 

Lazarus Weiner9 Premo Chiotti ~ and Ho A o Wilhelm 

I., ABSTRACT 

The purpose of this investigation was to study the temperature 
dependence of electrical resistivity of thorium and titanium and to 
determine whether or not the slope of the resistance versus tem­
perature curve of these metals exhibit anomalous discontinuities., 
Iron was also studied in an attempt to reproduce previously reported 
results on discontinuities in the slope of the resistance versus 
temperature curve for this metal o 

The results of this investigation indicate that the best 
value for the resistivity of iodide titanium at 200C is 49o6 
microhm=eentim.eters , and is 167 .. 5 microhm=eentimeters at 850oCo 
The temperature coefficient of electrical resistance from oo 
to 100°C was found to be 0.,00397 .. The r oom temperature re­
sistivity is somewhat higher than the values of 46o7 and 47.5 
microhm=centimeters reported in t he literature by Jaffee and 
Campbell and Van Arkel o The slightly higher results obtained 
in this investigation were probably due t o contamination of the 
metal by minute amounts of oxygen and nitrogen o 

The resistivity of electrolytic iron a·~ 20°C wa.tl found to be 
9o7 microhm~entimeters , and is 105o5 microhm=eentimeters at 
900°C., The Curie point was observed to be at 756.00 , reproducing 
the result which Burgess and Kellberg obtained for electrolytic 
iron .. 

The resistivity of thorium11containing 0 ., 03% beryllium, 0.,01% 
aluminum.~> 0.,11% carbon, and 0.,01% nitrogen was found t o be 21.,7 
mi crohm=eentimeters at 2000., At 96500 ~ the resistivity of this 
metal is 64.,1 microhm=eentimeters., .The temperature coefficient 
of el&ctrical resistance from 0° t o 1oooc is 0.,00277., There~ 

sistivity of thori um ~ onta.ining 0 .,06% l:~ryJ. ~~ium, 0.,01% aluminum, 
0.,04% carbon, and 0.,02% nitrogen was fcund to be 20.,4 microhm­
centimeters at 900°C., The tempera~~~e coefficient of electrical 
~is report is based on a MS tlt<;. sis by Lazarus Weiner , submitted 
December~ 1952., 
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resistance of this metal from 0° to 10000 vms found to be Oe00333e 
The reason -why at eleva ted temperatures t he res isti vi ties of the 
Ooll% carbon sample should be lower than those of the sample con­
taining only 0 .. 0445% carbon is uncertain o 

In addition to inspection of resistance versus temperature 
plots~ two rigorous methods were utilized to study the existence 
of discontinuities in slope of the resistance versus temperature 
curves of t~rium.~ titanium~ and irono These methods entailed 
plotting R:x ·· versus temperature and the application of the 

least squaresPiet hod with the closeness of fit criter ia to the datae 

Visual examination of the resistance data for titani um when 
plotted on an enlarged scale indicated t hat the data could best 
be represented by segments of straight l i nes and that discontin­
uities in slope existedo The temperaturesof these discontinuities 
were reproduced to within ± 2ooc on separate runs o No obvious 
discontinuities were observed in the resistance versus temperature 
curve for irono Some indication of such discontinuities was 
observed in the case of thorium .. 

The graphical method that involved practically simultaneous 
isothermal measurements of the electri ca l resistance of both 
platinum and the metal being studied offered a new approach to 
th~P- probleme By taking small increments of temperature.9 Rx 

versus temperature curves wer e plottedo 'I'l ~ Rx versus Rpt 
'Rpt 

temperature curves in all cases were smooth curves 9 thereby 
giving no indication of the exis t ence of anomalous discontin­
ui tieso 

An analytical method~ whi ch empl oyed the least squares 
method and the criter,ia for cl osenes s of fit both to senments 
of straight lines represent ed by equati:..:ns of t he type Ro ~ 
a i' bt and to a smoot h curve ha-.1 1..<1g as i~s assume d equ.atio;.. 

~ a: loOOOO + a t ~ bt2 9 was applied to the resistance data 
0 

for titanium and for t hori um over the tempr'"a.ture ranges i n 
which discontinuities in slope of resistance: versus temper= 
4ture curves were indicated by visual observationso In the 
...:a.se of thorium over the range oo to 5400C , two stra.igh~. line 
segments gave a bet ter fit to the c:ata than one smooth mrve 
of the assumed form by a factor of l o3 o However~ the pre­
cision index was such t hat this factor has l ittle s~gnificanceo 
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In the case of titanium over the range 0° to 516°C ~ two straight 
line segments gave a better fit to the data by a f actor of 3o9o · 
This factor is sufficiently large that it cannot be disregardedo 
Hdwever~ addition of more terms to the equation f or the smooth 
curve would probably reduce this factoro 

The results obtained in this investigation in general do 
not show the existence of dis~ontinuities in the slope of the 
resistance versus temperature curves of these metals over the 
temperature ranges studied~ except possibly in the case of 
titaniumo For titanium 2 visual observation of the plotted 
data and the analytical meih?d indicate the existence of dis­
continuities~ mile the tl..... versus temperature curves gave 

no indication for their eJE~enceo · Further~ the a ddition .of 
more terms to the equation for the smooth curve would probably 
reduce the significance of the results obtaine d by the analy­
tical method .. 

Further studies on this problem should be conductedo A 
number of experimental difficulties encountered in this study 
must be taken into consideration in future investigations o 
The elimination of temperature gradients in the specimen and 
between the two specimens is of great importanceo Bes ides 
using a furnace which at elevated temperatures has t emperature 
gradients as small as possibles a metal sleeve~ prefe rably 
of tttanium or zirconium~ should be placed around the speci­
mens inside the furnace tubeo Sin0e these metals are both 
good conductors of heat as well as efficier> ~·. getters JJ they 
would serve to reduce temperature . gradients and to r emove 
active residual gaseso The use of a silver tube on t he out­
side of the furnace tube would further help to eliminate 
temperature gra.dientso Also ~ the use of small diameter 
potential and current lead wires will minimize the heat that 
is conducted away from the specimens e Another major problem 
to contend with is that of the possible physical changes of 
the specimen during the I"'.lllo C:·;ts tal growth and the pre­
cipitation of impurities ~ such ~~ oxides and nitrides 9 " 

the grain boundaries may give r i se to erroneous results o 

Although these changes ara cha r.a cteris~ic of the metal 9 fully 
annealing the specimens and maintainin"' a high vacuum will 
help minimize their effect o Another source of difficulty is 
the possible presence of metal lic vap01~ due to volatile 
impurities in the specimens or due t o the vapor pressure of 
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the pirticular metal used. These vapors tend to condense on 
the current and potential lead-wire-insulators in the colder 
areas of the furnace and cause shorting between the wires, 
particularly if the insulating material is porous or at points 
where the wire extends through an otherwise impervious in­
sulator. Such vapors would also tend to crotarninate the 
platinum specimen. Also, all apparatus should be shielded 
to present any pickup of stray currents. 

The precision in measuring Rx should be increased 

and more terms should be used in t~~\quation for the smooth 
·curve. Taking all these factors into consideration and 
utilizing the nethods employed in this investigation, more 
conclusive evidence should then be available to determine 
the reality of anomalous discontinuities in the slope of the 
resistance versus temperature curves of metals. 
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I!o INTRODUCTION 

The electrical resistance of metals usually increases with 
an increase in temperatureo At elevated temperatures~ the tem­
perature dependence of electrical resistance is 2enerally linear 
or some function of the form Rt = R0 (1 ~t ~,.8t) o In this 
equation, Rt is the resistance of some temperatu~~ t the tem­
perature in degrees Centigrade ~ R0 the resistance of ooc, ando<.. 
and,IJ are constants characteristic of the metal o 

In the past twenty years 9 electrical resistance measure­
ments have become a valuable means by which investigators have 
determined phase boundaries in their studies of phase diagrams" 
A detectable change in slope will generally occur in the resis­
tance versus temperature curve upon crossing a phase boundaryo 
If there is an increase in the volume upon crossing a boundary 
involving a nonisothermal transformation~ an increase in the 
slope of this curve will generally be observed and conversely~ 
a negative volume change will generally produce a decrease in 
the slope of the temperature dependence of electrical resistance., 
Resistance measurements have also proved very useful in the 
determination of allotropic and magnetic transformations of 
metals and alloys o Allotropic and isothemal transforrna tions 
usually give a detectable discontinuity in the resistance versus 
temperature curve o The Curie point of some metals and alloys 
has been determined by electrical resistance measurements., In 
these cases j an abrupt change in .... l;)pe of ·,:,~e resistance versus 
temperature curve has been observed at the .• u.ri~ temperatureo 
Other discontinuities in the slope of the temperature dependence 
of electrical resistance have been reported in a number of cases; 
however ~ these discontinuities cannot be explained on the l::a.sis 
of either phase boundaries or known transitions 9 either magnetic 
or allotropic., 

The purpose of this investigation is to study the temperature 
dependence of electrical resis ·:.:::.:v-i.ty of thorium and titanium and 
to determine whether or not the slope of the resistance versus 
temperature curves of these metals exhibit anomalous discontinuities., 
Iran is also studied in an e. t.tempt to ''eprcduce previously reported 
results on such discont'inuities in the slope of the resistance 
versus temperature for this metal., 
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III., REVIEW OF LITERATURE 

Bittel and Gerlach (1) ~ Potter (2)~ and Nilsson (3) have 
shown that the resistance versus temperature curve for nickel 
has an abrupt change in slope at the Curie point., Likewise~ 
Jaeger and his co-workers (4) and Pallister (5) have investi­
gated the Curie temperatur~ of high purity iron by means of 
electrical resistance measurements., In this case an abrupt 
change in slope was observed at the Curie point~ but no dis­
continuity was observed at the beta=gamma. transformation tem­
perature., Ya.ricq (6) and Jaeger and his co-workers (7) have 
utilized this method in the determination of the Curie point 
of cobalt., Many investigators have also determined the Curie 
temperature of alloys by this means (8~ 9)o Grube (10) and 
Vosskohler (11) have presented thorough surveys of the utility 
of electrical resistance measurements in the determination 
of transitions, both magnetic and allotropic~ in metals and 
alloys as well as the determination of other phase boundaries 
in the study of alloy systems o 

Wo Ro Ham and Co Ho Samans (12) stated that anomalous 
discontinuities occur in the resistance versus temperature 
curves for all metals of Group VIII of the periodic table; 
however~ their article contained no experimental data to 
support this statement., They obtained these discontinuities 
either by electrical resistance measurements on pure metal 
wires or by electrolytic conduct ivity meas ,.J..rements on 
glasses containing oxides of these metals o As of ·i:,he present, 
Ham and Sama.ns (13) have published data showing a series of 
discontinuities only for iron~ nickel~ and cobalt., These data 
were obtained by electrolytic conductivity measurements on 
glasses containing the oxides., By plotting log resistance 
versus temperature ~ a series of discontinuit ies for each was 
obtained., In their investigati0n of iron~ t hey reproduced 
the series of discontinuities t hat had previously been re­
ported by Ham and Post (14, and H~m and Rast (15) in th~ir 
studies of the diffusion of hydrogen through pure irono ' In 
this latter method:l t he plot of the l og rat e versus the 
reciprocal of the t emperature was obse "'ved t o contain dis­
continuities at a series of characteris tic temperatures., 
These temperatures were related by a s i mple Ritz type equation \ 
of the general form Tn 8 ct(l/n~ = 1/n~ ~ where Tn i s the 
absolute temperature at which a discontinuit y occurs , ct a 
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constant characteristic for each metal ~ n0 a constant character­
istic of the metal with n taking successive values of (n0 +_1), 
(n0 + 2), oooooooo ~· The observed temperatures of the dis­
continuities in both methods agreed quite well with the theoretical 
temperatures obtained by the Ritz type equation. Series of 
anomalous discontinuities were also obtained for nickel and co­
balt by the electrolytic conductivity method~ and as with iron, 
the observed temperatures of each series were also related by 
the Ritz type equationo Ham and Sarrans reported that the 
allotropic transforrrations in iron did not enter into the series. 
However~ with iron ~ nickel ~ and cobalt~ they observed that the 
Curie point of each metal was one member of the individual 
series. They stated that the discontinuities are independent 
of impurities~ concentration~ and any form of chemical combin­
ationo Therefore, they postulated that these series of anomalous 
discontinuities are the result of minor electronic transitions. 
Ham and his co~workers have not as yet published any data 
obtained by electrical resistance measurements in which they 
also observed these discontinuitieso 

Chiotti (16), while conducting electrical resistance 
measurements on Ames thorium and thorium - carbon alloys~ 
observed minor changes in slope of the temperature dependence 
of electrical resistance over the range 7000 to 95000. 
These minor changes could not be correlated with the phase 
diagram and their reality was somewhat doubtfulo .. 

Jaeger~ Rosenbohm~ and Fonte;rne (17) ~ by means of specific 
heat and electrical resistance measurements on ductile titanium, 
observed minor transitions in the specific heat versus temper­
ature and resistance versus temperature curves o In both methods, 
they observed these minor transitions on heating and cooling. 
They suspected that these were due to impurities in the metal 
they usedo 

Reported electrical resistivity values and temperature 
coefficients of electrical res:.-. ·..ance of thorium vary con­
s idera.blyo These variations .:n"~:: probably due to marked 
effects of impurities in the ::tetal used. Reported values of 
the resistivity of thorium at , )OC var;; from 13 to 26 microhm -
centimeters (18~ 19~ 20 ~ 21~ 22). Suu~larly~ the variation in 
the .temperature coefficient of electrical resistance . of thorium 
ranges from 0.0023 degree-1 (19) to 0.0038 degree=l (21). With 
titanium~ as with thorium9 the purLty of the metal enters so 
markedly into its resistivity values that a large deviation 
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among reported values exists. Investigators (2.3, 24, 25, 26, 27) 
using magnesium-reduced titanium have reported values of the re­
sistivity at 200C between 5.3.9 and 56.0 microhm - centimeters, 
although values as high as 78 .. 6 and 82.0 microh.m-."'\i'! oef1'time~~ 
have also been observed (28', 29) with the magnesium - reduced · 
titanium. McQuillan (2.3) Van Arkel (.30) and Jaffee arl4i Campbell 
(.3.3) working with iodide titanium, the . pures~ form available, ' 
reported the values of 42.1, 47.5 and 46.6 microhm- centimeters 
respectively for the resistivity of titanium at 200C. ', 

IV. 1ll TBRIAIS 

A. Source 

The thorium used in this investigation was experimental 
Ames thorium obtained in the shape of rods, a quarter inch in 
diameter and six to eight inches in l~ngth. Chemical analysis 
on one rod revealed it contained 0.03% beryllium,<O.Ol% 
aluminum, 0.11% carbon, and< 0.01% nitrogen~ A second rod 
contained 0.06% beryllium,( 0.01% aluminum, 0.04% carbon, and 
0.02% nitrogen. 

Iodide titanium v~s obtained from the New Jersey Zinc 
Company in the form of rods, one sixteenth inch in diameter 
and ten inches in length. The purity of this metal was given 
as 99.99%. .Spec\rographic analysis revealed several impurities 
.in the metal, iron appearing the strongest. Subsequent chemical 
'analysis showed the metal contained 0.0013% iron. 

The iron used in this investigation was electrolytic iron 
wire, 0.23 mm. in diameter and 99.8% purity. 

B~ Specimen Preparation 

Both the thorium and titanium rods were cold swaged down 
to a wire of approximately 1.0 to 0 .. 7 mm. diameter.. The wires ' 
were pickled to remove any surface films. A five per cent HF 
solution was used to clean the titanium wires and a solution 

: consisting of one part concentrated nitric acid, one part water, . 
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and a few drops of fluosilicic o.cid was used to clean the thorium 
wires. These wires c..s well as the iron wire were formed into 
coils with h&lf the turns running cl0ckwise and the other half 
running counterclockwise as shovm in Figure 1. 

Figure 1. Specime1 in the form of coil 

Prior to any resist~nce measurements, the specimens were 
annealed in a high Vdcuum of from lo-5 to lo-6 mm. of mercury. 
The temperature at which the annealing was carried out was 
above the recrystallization temperature of the metal and the 
length of anrlf!alinp, timP. was s ufficient to relieve all stresses 
that were introduced in the working of the metal . 
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V o APPARATUS AND METHOil3 

A o Appa.ra tus for Resistance Measurements 

The complete set-up employed in this investigation is shown 
in Figure 2o This apparatus can be discussed as three separate 
sections, namely~ vacuum system~ furnace and temperature measure­
ment equipment, and the actual apparatus used in the electrical 
resistance measurementso 

1., Vacuum system 

The vacuum system consisted of a forepump, a diffusion pump~ 
and a cold trapo A Welch Duo-Seal mechanical pump, carable of a 
vacuum of 1 x lQ-4 mmo of mercury, was employed as the forepumpo 
A glass condenser and trap were placed between the forepump and 
the diffusion pump as an added precaution to insure that no mercury 
reached the mechanical pumpo A glas~ diffusion pump and a glass 
cold trap completed the systemo A thermocouple gauge, National 
Research Corporation Type 501, located in the foreline connection 
of the diffusion pump~ was used to indicate foreline pressureo 
A hot filament gauge, National Research Type 507, located in the 
high vacuum side between the diffusion purr._l and the furnace, gave 
the operating pressureo With this vacuum system, vacuums of be­
tween 1 X 10~5 and 1 X 10~6 mmo of mercury could be maintained 
even at elevated temperatures., 

2. Furnace and temperature measurement apparatus 

Initially, a horizontal resista~ce furnace and hori~ontal 
quart.z tube were used., The tendency of the specimens t o touch 
the sides of the quartz tube and react at e levated temperatures 
often caused some contamination of the specimens o Also, in the 
horizontal furnace there was a tendency for the specimens to 
sag and short against each other at e l evated temperatures. A 
vertical furnace and quartz tube assembly was late:- employed 
and found to be satisfactoryo All data in this investigation 
were obtained with this vertical arrangemento 
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Figure 2. Apparatus for electrical resistance measurements. 
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Figure 3 shovrs the arrangement of the specimens within the 
furance. : The vertical quartz tube, twenty:....four inches in length 
and an inch and three-quarters in diameter, was connected to . the 
vacuum system by means of a ground glass joint. All wires within 
the quartz were protected by alundum insula tors. The wires emerged 
from the tube through fingers in the Pyrex glass cap that was con­
nected to the top end of the quartz ·tube. This connection was 
effected by means of ·a ground joint between the glass cap and a 
glass taper sealed to the end of the quartz tube. Two circular 
copper spacers were used to keep the insulated wires in a rigid 
position and to prevent them from touching. Apiezon wax, vapor 
pressure about 10-6 mm. of mercury, was used to seal the wires 
in. the glass fingers of the capo Apiezon grease, vapor pressure 
about 16-6 mm. or mercury, was employed as lubricant for the 
ground glass joints. 

The tempera. ture gradient along the axis of the vertical furnace 
was measured by placing chromel-alumel thermocouples every .inch, 
covering the middle seven inches of the furnace. At 9000C, the 
gradient was found to be one degree over the middle inch and one 
half of the furnace, ·the portion that the specimen! occupy. There­
fore, a temperature gradient of less than one degree existed be­
tween the specimens at temperatures around 8ooo to 900°C. At 
temperatures below 8oooc, the temperature gradient between the 
specimens was negligible. 

A chromel-alumel thermocouple which had been previously 
calibrated (31) against primary and secondary fixed points, was 
used to measure the temperature of the specimens. The thermo­
couple was placed next to, but not touching the specimens. 

3. Electrical resistance measurement apparatus 

The apparatus for electrical resistance measurements con­
sisted of a potentiometer, an external galvanometer, and a current 
suppl~ to provide current through the specimens. 

A Rubicon high precision Type B potentiometer was used. 
This instrument has three ranges: 0.0 to 1.6 volts, 0.0 to 
0.16 volts, and 0.0 to 0.016 volts. An Eppley standard cell 
and a six volt storage battery, as source of auxilary current, 
were used in conjunction with the potentiometer. 
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.. 
FURNACE SET-UP 

TO VACUI..M•- -

lo-----QUARTZ TUBE 

Figure 3. Furnace arrangement of the specimens. 
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A Rubicon D.C. Spotlight external galvanometer, with a sen­
sitivity of 5.5 microvolts per millimeter, was employed. 

A storage battery was used initially as the current source, 
but due to small fluctuations in its current, it was replaced 
with a regulated current supply. From this regulated current 
supply, a constant D.C. current of approximately either 50, 100, 
150, or 200 milliamperes could be obtained. Over a period of 
twenty-eight hours, the maximum variation in current was found 
to be 0.06 milliamperes. The ripple of the regulated potential 
was 2 millivolts out of 90 volts D.c. 

B. Electrical Resistance Measurements 

The potentiometric method of measuring electrical resistance 
was employed. By sending a lmown amount of current through the 
specimen and measuring the potential drop across it, the resistance 
of the specimen can be obtained. In this investigation two spec­
imens, the metal being investigated and platinum, were connected 
in series. An external standard resistor was placed in series 
with the specimens. By measuring the potential drop across it and 
the potential drop across each of the specimens, the resistance of 
the specimens (Rx and Rpt) can be calculated as follows. 

Rx = otential dro across the 
potential drop across the 

Similarly for the platinum 

R t =( otential dro across the latinum 
P (potential drop across the standard 

x (resis­
,..,. tance 

of the 
standard 

resistor). 

x (resis­
tance 
of the 

standard 
. resistor). 

Knowing the resistance and t he original dimensions of the specimens, 
the resistivity of the specimens can be calculated from the equation 
,10_ = RA./L where ,a is the resistivity, His the resistance as cal­
culated above, A the cross sectional area of the specimen, and· L its 
length. 
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Figure 4 shows the schematic circuit diagram of the potentio­
metric method used in this investigationo Titanium wire served for 
the current leads.. The potential leads of the specimens were of 
the same material as · the specimens themselves., In this manner, no 
thermal emf 0s were developed by junctions of dissimilar metals at 
two different temperatures and there was no reaction between the 
potential leads and the specimens., The · standard resistor was 
manganin wire whose resistance was 0 .. 10.350 ohms as measured by a 
Kelvin Bridge.. The rotary switch made it possible to measure the 
potential drops across the specimen and the platinUll1 coil within 
ten seconds., Therefore, any change in temperature between these 
two measurements was negligible and essentially the measurements 
were made simultaneouslyo 

Heating and cooling rates employed ranged fran 25 to .35 centi­
grade degrees per houro Temperature measurements were made 
immediately before and immediately after the potential measurements 
of the specimens., Since the change in the temperature between the 
two temperature measurements was never greater than one degree, 
a mean was taken as the true temperature at the time of the potential 
measurements of the specimens., 

Precaution had to be exercised to prevent heating the specimens 
by passing too large a current through themo It was found that up 
to 150 milliamperes was well within the limit of caution, and for 
most runs, 100 milliamperes were used., 

From the temperature, resistance , and resistivity values, resis­
tance versus temperature and resistivity versus temperature curves 
were plotted .. 

C., Determination of Discontinuities 

Two methods can be employed to determine the existence of 
anomalous discontinuities in the slope of the resistance versus 
temperature curves., One method deals directly with the da ta 
obtair>.ed and is essentially a graphical method, while the second 
method is an analytical analys is applied to the observed data., 

lo Graphical method 

The most apparent direct method is to plot the res{stance 
versus temperature curve for a particular specimen and by visual 
observation note the existence of discontinuities in the slope o 
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This method.9 however, is subject to several limitations. First, 
the reported discontinuities are not pronounced; that is, the changes 
in slope are smalL Secondly, the Iriternational temperature scale 
from OOC to 6600C is based on the electrical resistance of platinum, 
whose resistance has been measured at the ice point, the steam point, 
and the sulfur point (31, po 21). Intermediate values of temperature 
are extrapolated from the resis'tance versus temperature curve of 
platinum for which a relation · of the type Rt - R0 (1 .,. At .,. Bt2) is 
assumedo Therefore, the existence of a discontinuity for a certain 
specimen, assuming that such discontinuities also exist for platinum 
as stated by Ham and that its resistance versus temperature curve 
can be represented by segments of straight lines, will be masked or 
nade less pronouncedo Thus, in order to reveal the existence of 
these discontinuities, a method independent of temperature is desire­
able. 

Over a temperature range in which the slope of the temperature 
dependence of electrical resistance of a metal is linear, the resis­
tance versus temperature curve can be represented by the equation 
R = R0 (1 +~t) where R0oeis the slope of the straight ~ine. 
Similarly, over a temperature range in which the resistance of 
platinum increases linearly with increasing temperature, its resis­
tance versus temperature curve can be represented as R 1 :: Ro (1 + 
c< it). Dividing these two equations gives the ratio~= R9 + ~. 
If ·increments of resistance of the metal and platinumR~reR8e!sTIP!at 
between the same two tem~ratures over a range in which both functions 
are linear, the ratio~ __!Lll will equal a constant. RV 

4R _ Ro ex. (t2 - t1) 
.4R 1 - R6oe' ( t2 - t1) 

41L_ - Ro.,._oc:.._,--___ "" a constant. 
~R i - Rb oc::: I 

Whenever the slope of the resistance versus temper&. ture curve of 
either the metal or platinum changes, the ratio, ~' will also 

.AR' changSo 
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Therefore, by plott~g the ~ versus temperature, a method, 
independent of temperature . other t~n to indicate the a pproxi.ma. te 
temperatures of the discontinuities, can be utilized to study the 
reality of these anomalous discontinuities. 

If tre resistance versus temperature curve for a metal consists 
of segments of straight lines rather than a smooth curve, the A R 

.GR' 
versus temperature curve will ·be segments of straight lines of zero 
slope with discontinuities between the segments, corresponding to 
the discontinuities in the slope of the temperature dependence of 
electrical resistance of both the metal and platinum.. AE!~suming tba. t 
the slope of the resistance versus temperature curves for both the 
platinum and the specimen decreases discontinuously at a number of 
points along each curve, then the theoretical A R versus tem-
perature curve would appear as is shown in Figu~R5.. The upward 
steps correspond to changes in slope for platinum and the downward 
steps for changes in slope for the specimen.. There may of course 
be a simultaneous change in slope for both platinum and the specimen 
in which case the change in 4R may be zero, positive or negative .. 

AR'· 
If the resistance versus·temperature curve did not contain any 

discontinuities in its slope, and therefore was a smooth curve, the 
A R versus tempera tlire curve will also be a smooth curve as the 
A . R..' . 

slopes of the resistance versus temperature curves of the metal and 
platinum would be constantly varying., 

A third possibility arises i f the resistance versus temperature 
curve consists of segments of smooth curves of the type R = R0 

(1 + oCt +,st2). In this case the A R versus temperature curve 
. A. R' 

will be segments of hyperbolas with discontinuities between them 
corresponding to the discontinuities in the slope of the resistance 
versus temperature curves of t he metal and platinum.. This is devel oped 
as follows: 

Dividing these two equati ons 

R _ R0 ~ R0 oct + R0 ,4t2 
R I - R' + R I~ It + R I d t2 • o o . or~ 



* 
r 

l 
L,...__ 

,.. ...... T\M 

Figure 5. Theroetical ~R versus temperature curve, in 
~ 

the case of resistance versus temperature curves, 
consisted of segments of straight lines. 

41 

H 
(/) 

0 
I 

w 
0 
\J1 

1\) 
w 



ISC-.305 

'l'aking increments of resistances of the metal and platinum between 
the same two temperatures results in the following equation: 

AR 
Alfl-

.. 

The above equation is of the type: y - a ~ bx or yc + dyx - bx = a·. 
. c ~ dx " 

The equation for a family of equilateral hyperbolas is: x'y' = k. 
ThU& -by letting x' =my +nand y' ~ px + q, and substituting these 
values in the equation of a hyperbola givest 

pmjx ~- mqy ~ npx ~ nq = k. 
This equation is equal to the equation yc + dyx - bx = a with 
pm = d, mq = c, np = -b, and k - nq =a. 

Thus it is seen that the equation .41L = RpCC~Ro/.9(tt ~ t1) is 
4Ifl ROoe' ~ Ro# t2 ~ t1) 

an equation of a family of hyperbolas, a different curve arising 
with a change in eitheroe,,.~-9, OC' o~'. 

In carrying out this method, every precaution must be enter­
tained in order to obtain the most accurate data possible so that 
the scatter in the ; values of A R___ will be a minimum. Particular 

-~ 

attention must be focused to insure that no temperature gradients 
exist between the specimen coil a nd the p1atinum coil. 

2. A~lytical Method 

In those cases in which apparent discontinuities in the slope 
of the ~esistance versus _ temperature curve occur, an analytical 
method can be utilized tb determine whether a smooth curve or 
straight line segments is the best fit to the data. This can be 
accomplished by applying the least squares method (.32) ·and the 

I 
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criteria for closeness of fit (32, p.260). The least squares 
method gives the most probable values for the constants entering 
the equation of an assumed form, but it does not indicate the 
best equation for the representation of the given data.. Which 

. one of these assumed equations, a smooth curve or straight line 
segments, gives the best fit to the data can then be determined 
by applying the criteria for closeness of fit. 

Over a temperature range in which the resistance versus 
temperature curv'e is a curve of the type !! = 1 ~ cc.t -t ;9t2, 

Ro 
the arbitrary constants~ and/) can be evaluated by the least 

25 

squares method. The above equation is of the type y = 1 +ax +bx2. 
Assuming only y liable to error and that all values were qbtaj,ned 
with the same precision, the equations to evaluate a and b are 
readily developed. 

In order to minimize the sum of the squares of the de·Vi.ations 
between the observed and calculated values,£ (y0 ~ y)2, the sum 
of the squares of the deviations is differentiated with respect 
to each constant and set equal to zero. In this relation, ~ 
(y0 - y)2, y0 is the observed value and y the value defined by the 
assumed equation . Substituting y = 1 .f. ax+ bx2 in ~(y0 - y)2 
gives: 

£ (y0 - 1 - ax - bx2) 2. 

(y0 - 1 - ax - bx2)2 - 0 or ~ (y0 - 1 - ax - bx2)2 = o. 
a · 

Differentiation results in the fallowing equations: 

Solving for a and b gives: 
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R 
In the case of a straight line function of the typeR0 = 1 +~t, 

or y = 1 + ax, with y only liable to error and all values obtained 
with the same precision, the most probable value for a can be obtained 
as follows: 

Substituting the value of y in the sum of the squares of the 
deviations results in 

Differentiating this equation with respect to a and setting 
it equal to zero gives: 

Thus the most probable value of a is obtained by the relation 

a= ~xyo- 1-x 
£x'-

The sum of the squares of the deviations between the observed 
values and calculated values, ~(y0 - y)2, can now be obtained for 
both a smooth curve and straight line segments. From this s~tion 
in each case, the relation for closeness of fit,./\= '-(Yo - y) 

n- m 
where n is the number of observed values and m the total number of 
constants in the assumed equation, can be applied to determine 
whether a smooth curve or segments of straight lines gives the best 
fit to the experimental data. The equation which gives the smalle~t 

- value of.cl is considered as the better fit of the data. 

VI. EXPERIMENTAL RESULTS 

A. Resistivity Values 

1.. Titanium 

Electrical res is tance measurements were carried out on three 
specimens of iodide titanium. The diameters of the specimens were 
obtained from micrometer measurements and for specimen J, the diameter 
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was also determined from the weight of a known length of the 
specimen using as the density of titanium the value 4o54. From the 
original dimensions of the specimens, t~e resistivity was calculated 
for each temperature. 

The amount of current passed through the specimens was approx­
imately 100 milliamperes. An average heating or cooling rate of 
from thirty to thirty-five degr~es per hour was employed in all cases 
and a vacuum of between .3 oO x lQ-5 and .3 .0 x lo-6 mm. of mercury was 
maintained. 

Tables 1, 2, 3 and 4 give the resistivity values for specimen 
1 on heating, specimen 1 on cooling, specimen 2 on heating, and 
specimen .3 on heating respectively. The temperature dependence of 
electrical resistivity for the three titanium specimens is shown 
in Figure 6. The precision ·of the resistivity values was found to 
be ~.4%o 

The resistivity values for specimen 1 can be considered the 
best, since it had the lowest value of resistivity at room temper­
ature, 49.6 microhm-centimeters at 2000, and its temperature co­
efficient of electrical resistance,OC, had the highest value among 
the three specimens. From oo to lOOOC, for specimen 1 had the 
value 0 o00.397. In all cases, cC was obtained from the relation 
Cl(' = VOlOO -,,o)/lOOJOo• Since ~is a measure of purity, that is, 
the higher the value ofCC the greater the purity of the sample, 
it may be concluded that specimen 1 had the least amount of im­
purities. The resistivity versus temperature curve for specimen 
2 is very similar to that for specimen 1, except it is displaced 
to higher values of resistivityo The resistivity for specimen 2 
at 2000 was 51.4 microhm-centimeters. The value for oc::: in this 
case was 0.00.384 which agrees quite well with that for specimen 1. 
For specimen .3 the resistivity at 20°0 was 57.2 microhm-centimeters, 
much higher than the corresponding value for specimen 1.. The 
value ofCC for specimen .3 was 0.00.344, much lower than the oc:: for 
specimen L These results indicate tmt specimen .3 contained im­
purities. These impurities might have been introduced in swaging 
or as a result of contamination by residual gases, oxygen and 
ni trosen, at eleva ted temperatures o Also, as is seen in Figure 6, 
the resistivity curve for specirren .3 rapidly approaches the curve 
for specimen 1 at elevated temperatures. This indicates that the 
effect of contamination on the value of the reeistivity of the 
of the metal is less pronounced as the temperature is increased 
up to about 84000. 
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Table I 

Resistivity Values ,of Titanium Specimen 1a on Heating 

T°C ..,Omicrohm-centimeters · TOC ~microhm-centimeters 

24 50 .. 7 404 118.0 
37 52 .. 9 419 120.3 
53 55.6 431 122.3 
66 58.0 445 124.5 
78 60 .. 2 460 126.8 

94 63.1 479 129.7 
106 65.1 497 132.2 
120 67.8 513 134.4 
134 70.,3 541 138.3 
147 72.6 557 140.3 

159 74.9 574 142.4 
176 78.0 594 144.9 
189 80.5 609 146.8 
221 86.3 630 149.1 
233 88 .. 4 646 150.9 

247 91.1 669 153.3 
258 92.9 683 154 .. 6 
270 95.0 702 156.4 
287 98.2. 720 158 .. 2 
301 100.6 739 159.7 

323 104 .. 5 753 160.9 
339 107 .. 3 770 162 .. 2 
353 109 .. 5 ·. 794 164 .. 0 
364 111.4 812 165.2 
374 113.0 830 166.3 

392 115.9 843 167 .. 2 

anin,ensions of the specimen were Ooll4 em .. in diameter and 
JJ.,536 Cffio in length .. The specime~ was annealed for twelve 
hours at a temperature between 65QO and 7000C. 
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TABIE II 

Resistivity Values of Titanium Specimen 1a on Cooling 

TOC ~ microhm-centimeters TOC ~ microhm-centimeters 

30 51.7 451 125.5 
40 53.7 466 127.8 
58 56.6 478 129.5 
70 58.9 498 132.3 
97 63.7 514 134.6 

113 66.5 531 136.9 
128 69.2 544 138.8 
153 73.8 557 140.5 
169 76.7 567 142.0 
201 82.7 581 143.5 

215 85.4 644 150.7 
231 88.1 652 151.5 
246 91.3 668 153.2 
263 94.1 686 154.9 
282 97.3 704 156.6 

304 lOlel 720 158.0 
318 103.5 739 159.7 
331 105.7 751 160.6 
344 108.2 775 162.4 
366 111.8 786 163.3 

379 114.0 799 164.2 
392 116.1 813 165.0 
406 118.5 825 165.8 
420 120.7 837 166.4 
434 122.9 848 166.5 

aDimensions of the specimen were 0.114 em. in diameter anci 
33.536 em. in length. The specimen was anneal,ed for twelve 
hours at a temperature between 6500 and 7000C •· 
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TABLE III 

Resistivity Values of Titanium Specimen ~ on Heating 

~ microhm-centimeters TOC ~ microhm-centimeters 

52e8 430 123e7 
56el 456 128.1 
58.9 475 130.7 
62.2 495 133.9 
64.9 521 137.4 

67.7 535 139e3 
7Ll 555 14L9 
74.2 569 143.6 
77.4 591 146.1 
80.5 606 148e0 

83.8 628 150.6 
87.1 641 152.0 
90.0 658 153.7 
92.6 672 155.2 
96.0 693 157.2 

99e7 719 159.5 
104.2 743 161.5 
107.3 755 163.2 
109.8 772 164.3 
112.6 800 165.5 

116.9 836 167.8 
121.2 

aDimensions of the specimen were 0.114 em. in diameter and 
33e500 em. in length. The specimen was annealed for ten hours 
at a temperature between 675° and 700°C. 
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TABLE IV 

Resistivity Values of Titanium Specimen ~ on Heating 

~ microhm-centimeters Toe ./0 microhm-centimeters 

59.5 .. 471 134.1 
62.6 ., . 486 136.2 
64.8 500 138.1 
66.9 517 140.2 
72.0 532 141.9 

76.9 549 144.0 
79.7 565 145.7 
83.2 584 147.8 
,86.0 598 149.3 
89.4 613 150.8 

93.4 629 152.4 
96.7 645 153.9 

100.5 667 155.9 
10.:3.3 686 157.4 
106.0 698 ·158.-4 

108.4 712 159.4 
111.0 734 160.9 
114.2 751 162.1 
117.2 768 163.2 
119 .. 8 788 164.5 

122.9 806 165.5 
124.7 828 166.7 
127.5 837 167.3 
132.;3 

aDimensions of t he specimen were 0.0840 em. in diameter and 
19.953 em; in length. The specimen was annealed for eight 
hours at a temperature between 70QO and 72500. 
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McQuillan (23) obtained for the resistivity of iodide titanium 
at 2000 the value of 42.1 microhm-centimeters. At this same temper­
ature, Jaffee and Campbell (33) report a value of 46.7 microhm­
centimeters for iodide titanium. Van Arkel (30) gives the resistivity 
of iodide titanium at 2000 as 4 7 a 5 microhm-centimeters. The best 
value obtained in this investigation was 49.6 microhm-c~ntimeters 
at 2000 for iodide titanium. McQuillan used specimens 0.008 inches 
thick by 1/4 inch wide by about 2 1/2 inches long. The probable 
error in determining the dimensions of the .specimen may1 in part at 
least, account for the fact that his value is much lowe~ than those · 
obtained by Van Arkel and Jaffee and Campbell. The deviations be­
tween this value and those of Jaffee and Campbell and Van Arkel may 
have been caused by contamination of the specimen by impurities such 
as oxygen and nitrogen. 4ccording to Jaffee and Campbell (33) , an 
addition of approximately ColO% by weight of either oxygen, nitrogen 
or a combination of both will increase the ·resistivity of iodide 
titanium from 47o7 to 50o7 microhm-centimeters at 25.6°C. The lowest 
resistivity value obtained in this investigation at 2500 was 50.7 
microhm-centimeters o On this basis, it may be concluded that the 
metal used in this investigation prqbably became contamiPated by 
oxygen or nitrogen, thereby giving rise to deviations between the 
resistivity values obtained here and those previously reported. 

2. Iron 

A specimen of electrolytic iron wire, 0.0230 em. in diameter and 
16o391 em. in length, was annealed for four hours at a temperature 
between 6ooo and 700oc before any resistance measurement~ were carried 
out.. A heating and cooling run was conducted under a vacuum of be­
tween 4.0 x lo-5 and 5o6 x lo-7 mm. of mercury. A current of approx­
imately 50 milliamperes was passed through the specimen. The heating 
and cooling rates were approximately thirty-four degrees per hour. 

Tables 5 and 6 give the resistivity values obtained. These 
values are plotted in Figure 7. By means of extrapolation, the 
Curie point was found to be at 75600. This value agrees very 
well with the value of 75700 obtained by Burgess and Kellberg (.34). 
The precision of the resistivity values was found to be :ii:Q.3% . 

Comparing the resistivity values for electrolytic iron obtained 
in this investigation with reported values which are coneidered the 
most reliable, namely, BurgesS' and Kellberg and Rib beck (34, p.l84), 
one finds agreement up to 3000Co Above this temperc:..ture to the Curie 
point, the resistivity values obtained from this resedrch are higher 
than those of Burgess and Kellberg and Ribbeck, by as much as 6%. 
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TABIEV 

Resistivity Values of Iron on Heating 

TOC ~microhm-centimeters TOC ~ microhm-centimeters 

30 10o3 480 54o2 
45 11.3 500 56.9 
59 12.0 526 60.8 
79 13.3 542 63.0 

106 15.1 555 65.1 

128 16.6 575 68 .o 
139 17 o5 597 71.5 
153 18.6 617 74.8 
172 20.0 642 79.2 
183 21.1 666 83 .5 

206 23.0 679 86.0 
222 24o4 696 89.8 
258 27.9 717 94.8 
269 29.0 732 97.0 
309 33.2 746 98.3 

325 35.0 765 99.9 
342 36.8 782 101.0 
361 39.1 796 101.8 
378 41.1 824 102.8 
393 43.0 837 103.4 

409 44.9 855 104.0 
422 46 .. 6 872 104.5 
442 49.1 894 105.2 
464 51.7 
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TABLE VI 

Resistivity Values or Iron on Cooling 

TOC ~ microhm-centimeters TOC ~ microhm-centimeters 

28 10.2 478 53.3 
41 10.8 492 55.3 
55 11.7 508 57.6 
80 13.2 524 59.8 
94 14.2 568 66.2 

116 15.7 586 68.9 
132 16.9 601 71.4 
151 18.3 620 74.4 
169 19.8 6J9 77.1 
191 21.6 662 82.3 

228 24.8 681 86.2 
246 26.5 700 90.1 
264 28.3 713 93.0 
284 30.4 730 96.1 
304 32.4 752 98.3 

325 34.6 773 99.9 
344 36.8 793 101.2 
362 38.9 813 102.2 
382 41.2 829 102.9 
404 43.8 848 103.6 

424 46.3 866 104.2 
443 48.6 887 105.0 
462 51.1 
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Figure 7. Temperature dependence of electrical resistivity 
of electrolytic iron. 
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3o Thorium 

Electrical resistance measurements were carried out on four 
specimens of Ames experimental thorium. Specimens 1 and 2 were of 
metal containing 0.03% .beryllium, ~ 0.01% aluminum, 0.11% carbon, 
and(O.Ol% nitrogen. Specimens 3 and 4 were of metal containing 
0.06% beryllium, < 0.01% aluminum, 0.04% carbon, and 0.02% nitrogen. 
The diameters of the specimens -were determined both by micrometer 
measurements and by weighing a lmown length of the specimen. The 
density used in calculating the diameters was 11 .. 72, the theoretical 
valueo Both these methods gave diameter values that agreed quite 
well. From t he original dimensions of the specimens, the resistivity 
was calculated for each temperature .. 

For all specimens, a current of approximately 100 milliamperes 
was used. An a vera ge hea. ting or cooling rate of between thirty and 
thirty-five degrees per hour was employed in all cases and a vacuum 
of between 1.8 x lo-5 and 3.8 x lo-6 mm .. of mercury was maintained 
during the runs on specimens 1, 3 and 4 • . A vacuum of only 5.0 x l0-5 
mm. of mercury was maintained in the case of specimen 2. 

Tables 7, 8, 9, 10 and 11 give the resistivity values for 
specimen 1 on heating, specimen 1 on cooling, specimen 2 on heating, 
specimen 3 on heating, and specimen 4 on heating ·respectively. 
Figure 8 shows the temperature dependence of electrical .resistivity 
for specimens 1 and 2, while Figure 9 gives that for specimens 3 
and 4. The precision of the resistivity values was foupd to be 
~ .. 4%o 

Resistivity values for specimen 2 are higher than the corres­
ponding ones for specimen 1 from room temperature to approximately 
3500C. Above this temperature, the v"'lues for specimen 2 are 
approximately the same as those of specimen 1.. The cause of this 
behavior is not known. The resistivity for the thorium containing 
0.11% carbon (specimen 1) was found to be 21.7 microhm-centimeters 
at 2ooc. The tempera ture coefficient of electrical resistance for 
t his sample over the range oo to lOOOC was 0.00277. 

Resistivity values for s pecimens 3 and 4, containing 0~0445% 
carbon, fall on one curve as is seen in Figure 9. The resistivity 
of 2ooc was 20.4 microhm-centimeters, while the temperature co-

. efficient of electrical resistance over the range 0° to 100°C was 
found to be 0.00333. 
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TAD VII 

Resistivity Values of Thorium Specimen 1a on Heating 

TOC / microhm-centimeters TOC ./'microhm-centimeters 

31 22.4 404 42.5 
50 23.5 422 43.4 
66- 24.4 445 44.4 
82 25.3 468 45.5 

100 26~3 483 46.2 

119 27.4 499 47.0 
137 28.4 517 47.8 
158 29.5 532 48.5 
173 30.3 552 49.5 
188 31.1 569 50.2 

1--

219 32.7 586 50.9 
235 33.7 602 51.6 
252 34.6 619 52.4 
267 35.4 634 53.1 
299 37.1 652 53.8 

323 38.3 668 54.5 
338 39.2 686 55.3 
356 40.1 700 55.8 
374 41.0 718 56.5 
387 41.7 735 57.2 

aDimensions of the specimen were 0.0921 em. in diameter and 
33.993 em. in length. The specimen was annealed for two and 
one-half hours at a temperature between 8ooo and 90QOC • 
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TABLE VIII 

Resistivity Values of Thorium Specimerl 1a on Cooling 

TOC ~ microhm-centimeters TOC ~ microhm-centimeters 

30 22 • .3 540 48.9 
58 23.9 559 49.7 
72 24.5 575 50.5 
91 25.6 589 5lol 

106 26.4 f!J4 51.7 

121 27.2 629 52.8 
146 28.6 645 53.4 
160 29.4 661 54.1 
176 30.3 677 54.7 
192 31.1 692 55.4 

211 32.2 708 56.0 
228 33.1 726 56.7 
314 37.7 773 58.2 
330 38.6 786 58.7 
345 39.4 804 59.3 

368 40.5 821 59.9 
388 41.5 839 60.5 
405 42.3 858 61.2 
422 43.2 880 61.9 
442 44.2 899 62.4 

458 45.0 917 63.0 
474 45.8 935 63.5 
502 47.1 953 63.9 
520 48.0 965 64.1 

animensions of the specimen were 0.0921 em. in diameter and 
33.993 em. in length. The specimen was annealed for two and 
one-half hours at a temperature between 8000 and 9000C. 
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TABLE IX 

Resistivity Values of Thorium Specimen ~ on Heating 

T°C ~ microhm-centimeters T°C ~ microhm-centimeters 

28 22.8 473 45o5 
46 24.0 492 46o3 
65 25o0 525 47.6 
83 26.0 543 48.5 

102 27.0 560 49e3 

120 28.1 579 50o0 
140 29.1 598 50.9 
161 30.2 616 5L7 
180 31.2 634 52.5 
200 32o4 676 54o2 

219 33.4 692 54.9 
238 34o4 710 55.6 
257 35.4 729 56.3 
277 36.3 749 57.1 
295 37o3 768 57.7 

314 38.2 787 58.5 
332 39ol 803 59ol 
345 39.7 838 60o4 
370 40.9 856 6lol 
391 4L9 874 6L8 

411 42.8 894 62.5 
429 43.6 902 62.9 
455 44o8 

aDimensions of the specimen were 0.0853 em. in diameter and 
28.766 em. in length. The specimen was annealed for nine 
hours at a temperature between 6500 and 7000C. 
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TABLE X 

Resistivity Values of Thorium Specimen 3a on Heating 

TOC ~ microhm-centimeters T°C ~ microhm-centimeters 

30 21.0 368 41.9 
46 22.4 385 42.8 
63 23.4 402 43.8 
80 24.5 414 44.5 
94 25.3 430 45.4 

124 27.1 445 46.2 
144 28.3 470 47.6 
16o 29.4 498 49.1 
180 30.6 510 49.8 
196 31.6 525 50.5 

"217 32.8 541 51.4 
233 33.8 558 52.2 
251 34.9 578 53.3 
268 36.0 599 54.4 
290 37.3 616 55.3 

306 38.2 631 56.0 
336 40.0 647 56.7 
350 40.8 662 57.4 

aD:imensions of the specimen were 0.0959 em. in diameter and 
33.060 em. in length. The specimen was annealed for one 
hour at a temperature of 6500C. 
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TABLE XI 

Resistivity Values of Thorium Specimen 4a on Heating 

TOC ~ microhm-centimeters TOC ~ microhm-centimeters 

41 21 .. 6 499 48.7 
60 23.3 5l7 49o7 
80 24.3 536 50.6 
98 25.5 552 5L4 

117 26.7 577 52.6 

137 27.9 593 53o4 
157 29.1 619 54o'1 
177 30.3 635 55.5 
194 31.3 654 56 .. 4 
229 33.4 672 57.2 

256 35.0 690 58.1 
273 36.1 709 59.0 
292 37.2 727 59.8 
310 38.3 744 60 .. 6 
330 39.4 769 61.7 

348 40.4 788 62.5 
366 41 .. 4 807 63o4 
389 42.7 826 64 .. 3 
406 43.7 844 65.1 
425 44.8 863 65.9 

444 45.7 883 66.7 
462 46.8 903 67.6 
480 47.8 

·., 

aDimensions of the specimen were 0.0942 em~ in diameter and 
22.860 em .. in length. The specimen was annealed for four 

·- hours at a temperature between 6500 and 7000C .. 
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Figure 9. Temperature dependence of electrical resistivity 
of thorium specimens 3 and 4. 
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The differences in resistivity and the shape of the resistivity 
curves may be explained on the basis of the difference in the purity 
of the specimens. Specimens 1 and 2 contained almost three times 
the amount of ca rbon a s did specimens 3 and 4. Therefore, one would 
expect the oc: for specimens 1· and 2 to be less thari tDa.t rror specimens 
3 and 4. Likewise~ due to the difference in purity, initial resis- ,· 
tivities for specimens 1 and 2 would be expected to be higher than 
the corresponding ones for specimens 3 and 4. Both. these expectations 
are observed when the resistivity versus temperature curves of the · 
specimens are compared. 

Results obtained in this investigation are well within the limits 
of previously reported values. Bender (19) using ·thorium of 99.7% 
purity, Th02 the main impurity, obtained resistivity -values at room 
temperature t hat were higher and tempera t].lre coefficients of electrical. 
res istance that were lower than those obtained in this research. 
Bender 8s resistivity curve remains above the resistivity curve obtained 
for the metal with 0.11% carbon over the entire temperature range. 
However, his curve will cross the resistivity curve obtained for the 
metal with 0.04% carbon at a temperature between 600° and 7000C. 
These differences in the behavior of the temperature dependence of 
electrical resistivity are probably due to the difference in the purity 
of the metal used. Chiotti (35) using thorium containing 0.09% carbon 
obtained resistivities of 51.6, 55.7, 60.0 and 63.7 microhm-centi­
meters at 6ooo, 70oo, 8ooo and 9oooc respectivelyo Resistivity values 
for the thorium containing 0.11% carbon for these temperatures agreed 
quite well , namely, 51.5, 55.6, 59.1 and 62.5 microhm-centimeters. 
Ames thorium containing 0.04% carbon gave resistivity values of 53.7, 
58 0 5, 63 .o and 67 o4 microhm-centimeters at 6000' 7000, 8ooo and 9000C 
respectively. These values are higher than the corresponding ones 
obtained on thorium containing 0.09% and 0.11% carhon. 

B. Determination of Discontinuities 

1. Gra. phi cal 

By carrying out resistance measurements on platinum ftn<?- titanium 
simultaneously, as was previously described, values of ~ tl were 

R . 21 Rpt 
obtained. Tables 12.11 13, 14 and 15 give the~ values of specimen 
1 on heating, specimen 1 on cooling, specimen 2pon heating, and specimen 
3 on heating respectively. These values are p;I.otted ~gainst temperature 
as shown in Figures 10, 11, 12 and 13. It is seen that the values for 
all the s pecimens can be r epresented by smooth curves, and there is 
no pronounced indication of any anomalous discontinuities. The vertical 
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TABLE XII.~. 

ARt.i Values of Titanium Specimen 1 on Heating 1l !tpt 

TOC .1 Rti TOC A Rti 
~ Rpt i:J Rpt 

53 1.74 431 1.58 
78 1.71 445 1.56 
94 1.69 460 1.55 

106 1.66 479 1.52 
120 1.77 497 1.52 

134 1.66 513 1.47 
147 1.65 541 1.43 
159 1.68 557 1.36 
176 1.66 574 1.35 
189 1.70 594 1.31 

221 1.64 609 1.31 
233 1.73 630 1.21 
247 1.70 646 1.22 
258 1.68 669 1.16 
270 1.69 683 1.10 

287 1.70 702 1.06 
301 1.69 720 1.02 
323 1.66 739 0.99 
339 1.68 753 0.91 
353 1.64 770 0.92 

364 1.67 794 0. 85 
374 1.61 812 0.82 
392 1.64 830 0.77 
404 1.62 843 0.71 
419 1.61 



) t 

·-.........__,.,+r f-4n+ tYL'l 
, I t ll t • 4 1'-t-L 

. "i, 'i"{ 

• ~t 
~ 
6 

~ "n '\ 

~ ••«-• ' "" 
~~ ~ . 

~· ~~ 
\.t 

' ~' ~ \ 
CUIO- I 1 

0 100 200 300 400 500 600 700 800 

TEMPEIIATUII[, •c 

~ 

900 

Figure 10. b. Rti versus temperature curve of titanium 
~R 

pt 

specimen 1 on heating. 

H 
(/.) 

0 
I 

lAl 
0 
\J1 

-+=­
~ 



48 ISC-305 

TABLE XIII 

A Rti 
Values of Titanium Specimen 1 on Cooling 4 Fi>t 

TOC A Rti TOC .1 Rti 
A'Rpt A Rpt 

58 1.71 451 1 .. 58 
70 1.70 466 1.53 
97 1.65 478 1.51 

113 1.66 498 1..48 
128 1.70 514 1.46 

153 1.74 531 1.42 
169 1.78 544 1.43 
201 1.68 557 1.37 
215 1.66 567 1.42 
231 1.70 581 1.32 

249 1.73 644 1.25 
263 1.70 652 1..19 
282 1.67 668 1.14 
304 1.70 686 1.07 
318 1.72 704 1..02 

331 1.66 720 0.99 
344 1.68 739 0.98 
366 1.66 751 0.89 
379 1.65 775 0.84 
392 1.62 786 0.87 

406 1.61 799 0.78 
420 1.62 813 0.74 
434 1.59 825 0.70 
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TAB~ XIV 

c1 Rti 
Values of Titanium Specimen 2 on Heating 

~~t 

TOO LlRti TOC (J. Rti 
ARpt L1 ~t 

44 1.72 430 1.68 
61 1.78 456 1.55 
76 1.84 475 1.57 
95 1.82 495 1.51 

109 1.85 521 1.47 

128 1.79 535 1.44 
146 1.84 555 1.26 
163 1.84 569 1.37 
181 1.84 591 1.43 
199 1.82 606 1.37 

217 1.83 628 1.30 
233 1.83 641. 1.27 
247 1.76 658 . 1.21 
266 1.74 672 1.19 
287 1.82 693 1.13 

311 1.77 719 1.06 
328 1.81 743 0.98 . 
343 1.79 755 0.99 
360 1.72 772 0.88 
387 1.66 800 0.92 

413 1.68 836 0.79 
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TABLE XV 

~ Rti 
Values of Titanium Specimen 3 on Heating 

~ Rpt 

TOC -4 Rti TOC ~ Rti 
~ Rpt lJ Rpt 

47 1.87 471 1.39 
58 1.82 486 1.40 
69 1.74 500 1.37 
98 1.76 517 ' 1.30 

123 1.76 532 , I 1.30 . 
138 1.77 549 1.28 
158 1.73 565 .. 1.20. 
173 1.72 584 1.16 
192 1.70 598 1.15 
214 1.71 613 1.10 

233 1.70 . 629 1.07 
255 1.69 645 1.01 
271 1.67 667 1.00 
287 1.67 686 0.91 
301 1.64 698 0.89 

317 1.63 712 . 0.84 
336 1.62 734 0.80 
355 1.58 151 0.81 
372 1.57 768 0.73 
393 1.55 788 0.72 

404 1.52 806 0.66 
423 1.49 828 0.66 
458 1.43 
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lines, extending above and below each point, rnp~esent the precision 
of the ratio values. The precision of the A tl values was found 
to be %0.03. The precisiop was calculated a~c~~~ing to the method 
described by 'V orthing and Geffner (32, p.208). Their equation was 
employed as follows~ 

The precision (~ u) of a function U, where U = f(x,y), is 

given by the equation 

where Gx and 6" Yare the precisions of X andY respectively. 
Since the potential drops across the titanium and platinum 
wires were taken within ten seconds of each other, the 
variation of current wfts.consider~d negligible over this 
period of time and .4 tl = 4 Rtlo Performing the 

~ Rpt 4 Rpt 
partial differentiation, the precision of the ratio is 
given by the equation 

------------~~ 
(A E t)~~t· + (£1 Eti)~~ -p l pt 

The precisions of the potential drops across the titanium 
and platinum were the same and equal to ±Oo00005 volts. 
AEti was of the order of magnitude of 0.007 volts and 
4Ept was of the order of magnitude of 0.004 volts. 
Substituting these values, we obtain the precision of 
.4 Rti to be ::t 0.03. 
4 Rpt . 

It is seen from Figures 10 and 11, that the 4 Rti versus tern-
. 1 h . ..ddRptf!t 1· perature curve for speclmen on eatlng was repro ut::P. ~m coo mg. 

There are, howeve~, differences in the shape of the A 4 curves 
ARpt 

among the three specimens. The actual values of the ratio will of 
course differ with titanium and platinum specimens of different 
resistances. Sil'lce there were differences in the shape of the resis­
tivity curves for the three specimens, it follows that these differences 
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will again appear in the A Rti versus temperature curves. Resis­

tivity Values for platinum 4s~~~rved at various temperatures showed 
some variation during the course of eight separate runs o This variation 
could be due to physical changes in the platinum wire or due to errors 
in the temperature indicated by the chromel-alumel thermocouple used. 
Assuming the resistivity of the platinum remained constant, the error 
in temperature measurement was within :2: 3oc, ± 40C and :t: 500 over the 
temperature ranges 250 to 3000C, 3000 to 5000C and 5000 to 8000C 
respectively. 

I R . 
· Tables 16 and _l7 give the~ R~e values for electrolytic ir<>n 

during heating and cooling. The~ versus temperature curve 

for both heating and cooling is s~o;gtin Figure 14. The values fall 
on one sm9oth curve with one discontinuity corresponding to the in­
flection point in the resistivity curve for irono However, aside 
from this expected discontinuity, no other discontinuities appear in 
the A Rfe .versus temperature curve. The precision of the ratio values 

l\ Rnt 
was founa to be ± 0.3 by t~ same method that was used to determine 
the precision of the ratio~. In this case,..1Efe was of the order 

of magnitude of Oo07 volts, ~~~ the other quantities were the same 
as for the titanium~ 

Values of ~ ·~ for thorium specimen 1 on heating and cooling :a ' t 
and for specimeri~4 on heating are given in Tables 18, 19 and 20 respec-
tively. In the c~se of specimen 4, resistance values of platinum were 
read directly from a resistance versus temperature curve for platinum 
which was previously obtained. Figures 15.P 16 and 17 show the 4 Rth 

. ~ Rpt 
versus•temperature curves for specimen 1 on heating, specimen 1 on 
coolings> ·and specimen 4 on heating respectively. As with the curves 
~or t~tanium, the vertical lines extending above and below each point 
indicate the precision of the ratio values. The precision of the 
~ values was found to be ;j!; 0 .. 02. This -was calculated by the 

nfeth'E~ previously describedo For thorium, Ll Eth was of the order of 
magnitude of Oo003 volts, which the other quantities had the same 
values as in the case of titanium. 

From the curves, it is seen that although some points appear to 
fall on a horizontal line, a smooth curve seems to give the best fit 
when the precision of the ratio values is taken into consideration. 
From room temperature to 900°C, the slope of the resistivity curve for 
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TABLE XVI 

A .Rre 
Values of Iron on Heating 

Ll Rpt 

TOO A Rfe TOO A Rfe 
·~ ·A Rpt Ll Rpt 

59 6.2 4SO. 17.0 
79 6.7 500 17.9 

106 7.1 526 1S.3 
12S 7.7 542 17.6 
139 8.4 575 17.7 

l53 8.7 597 20.7 
172 8.9 617 2l.3 
183 9.4 642 22.9 
206 9.S 696 28.8 
222 9.9 717 3l.S 

- 25S 10.3 732 18.9 
269 11.2 765 12.6 
309 12.4 796 7.5 
378 14.1 824 .5.9 
393 13.8 855 ).2 

409 14.2 S72 5.0 
422 15.0 894 4.7 
464 16.5 
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TABLE XVII 

ll Rfe Values of Iron on Cooling 
ll Rpt 

TOC ' 4 Rfe TOC ~ R!e 
4 Rpt d Rpt 

41 5.7 424 14.3 
55 6.2 443 15.7 
80 6.6 462. 15.9 
94 7.4 478 16.2 

116 7.5 492 17.8 

132 7.8 568 19.0 
151 8.3 586 19.5 
169 8.6 60l 20.5 
191 9.1 681 27.5 
228 9.7 713 31.8 

246 10.5 730 23.5 
264 10.8 752 14.4 
284 11.2 773 12.1 
304 11.6 793 8.3 
325 12.6 813 ?.0 

344 13.1 829 6.4 
362 13.0 848 '• .' 5.1 
382 14.1 887 4.7 
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TABLE XVIII 

~ Rth Values of Thorium Specinien 1 on Heating 
~ l1>t 

ToC .t1 Rth TOC ARth 
A Rpt A Rpt 

66 0.856 422 0.751 
8.2 0.817 445 0.741 

100 0.803 468 Oo747 
119 0.799 483 Oo740 
137 0.788 499 0.742 

158 0.785 517 0.747 
173 0.780 532 0.743 
188 0.778 552 0.757 
219 0.785 569 0.738 
235 0.790 586 0.706 

252 0.795 619 0.729 
267 0.787 634 Oo745 
299 0.775 652 0.712 . 
323 0.771 668 0.702 
338 0.776 686 0.678 

356 0.782 700 0.678 
374 0.770 718 0.682 
387 0.759 735 0.660 
404 0.757 752 0.637 
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TABLE XilX 

A Rth Values of Thorium Specimen 1 on Cooling 
'A ~t 

TOO A Rth TOC il Rth 
~ Rpti 6 Rpt 

58 0.794 540 0.719 
72 0.793 -559 0.716 
91 0.809 575 0.716 

106 0.796 589 0.701 
121 0.791 604 0.701 

146 0.792 629 0.681 
160 0.791 645 0.685 
176 0.786 661 0.696 

-. 

192 0.800 677 0.683 
211 0.798 692 0.688 

228 0.778 708 0.685 
314 '·· 0.776 726 0.682 
330 0.773 773 0.648 
345 0.770 786 0.639 
368 0.763 804 0.620 

388 0.760 821 0.629 
405 0.754 839 0.641 
422 0.755 858 0.591 
442 0.764 880 0.565 
458 0.754 899 0.568 

474 0.742 917 . 0.543 
502 0.742 935 0.484 
520 0.741 953 0.384 



0.8 

s.--------,----~--r-T---r-TTT 
l -Ll -tt t T ft . ~ T tt-u tJ:::ll 

~, T ~~f-t1~ 
O.Tll' 

().6 

~ ·t~~ 
f ~...., .. .._, J 

,l_ __ L:co~:··~---+---+---1---t---J--~--~ I 

o.a 

OA5 

LLJ.-~:k-+.--~---;;-.1 ......J 
l .1 l l l 1 I 03 

0 TOO 800 800 100 400 100 
TltMNRATUIIt, -c 

800 100 aoo 

Figure 16 . 4Rth versus temperature of thorium specimen 1 on 
.6Rpt 

cooling. 

0\ 
I\) 

H 
Cll 
0 
I 

lA> 
0 
\.]1 



ISC-305 63 

TABLE XX 

&1 Rth 
~ Rz)t Values of Thorium Specimen 4 on Heating 

T°C A Rth T°C A Rth 
tl Rpt A Rpt 

98 0.632 517 0.525 
117 0.605 536 0.514 
137 0.573 552 0.516 
157 0.554 577 0.515 
177 0.548 593 0.512 

194 0.557 619 0.517 
229 0.556 635 0.518 
256 0 .. 549 654 0 .. 501 
273 0.547 672 0.492 
292 0.540 690 0.503 

310 0.541 709 0.501 
330 0.533 727 0.497 
348 0.525 744 0.496 
366 0.529 769 . 0.496 
389 0.518 788 0.501 

406 0.521 807 0.496 
425 0.534 826 0.481 
444 0 .. 535 844 0.479 
462 0.535 863 0.482 
480 0.537 883 0.468 

499 0.539 903 0.460 
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thorium changes comparatively very little and therefore, A Rth will 
A Rpt 

change only very slightly over small increments of temperature o Since 
these straight line segments are not reproducible even with the same 
specimen~ it was conlcuded that no apparent anomalous discontinuities 
exist and the curves were smooth curves o As with titanium, the differ­
ences in shape between the curves for the two specimens of thorium may 
be accounted for by the differences in shape in their resistivity 
curves o 

2 o Analytical 

When the resistance versus temperature curve for titanium was 
plotted on a rather enlarged scale, 50 cmo by 100 cmo graph paper, 
covering the range up to 850°C, it appears that the data might best 
be approximated by segments of straight lineso In other words, it 
appears that the resistance is a linear function of the temperature 
over a number of temperature ranges, namely, oo to 3350C, 3350 to 
5160C, 5160 to .634°C, 634° to 726°C, 7260 to 8020C and 8020 up to 
8500Co The change in slope at 335oc and 51600 is quite small; those 
occurring at higher temperatures are somewhat more pronounced, but 
the number of points between the discontinuities is small so that 
there is reason to doubt the reality of these discontinuities in 
slopeo HoYrever, it was found that these discontinuities could be 
reproduced to within ~ 20°C on different runso It was also noted 
that the temperatures of the occurrance of these anomalous changes 
in slope_ corresponded quite closely to temperatures at which Jaeger 
and his co-workers (17) found evidence of minor transitions in their 
specific heat measurements on titaniumo As was previously stated, 
they also found some evidence for these anomalous eff ects in their 
results on the temperature dependence of electrical resistance for 
titaniumo 

No obvious discontinuities other than at the Curie point were 
observed in the resistance versus temperature curve for irono Some 
indications of such discontinuities were observed in the case of 
thoriumo 

In order to help resolve t he question of the reality of these 
discontinuities relative to t he results obtained in this investigation, 
the least squares method and the criteria fo r closeness of fit were 
applied to the da.ta.o The closeness of fit of the relations ~ = 

R 2 o a "" bt and R0 = a -IJ. bt -IJ. ct to the di:ita over regions in question 
were determinedo 
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Before applying the least squares method and the criteria for 
closeness of fit to resistance data, it was decided to determine the 
limitations of this analytical method to a similar problem. In order 
to carry out this analysis, this method was applied to a curve that 
is definitely a smooth curve, namely, the sine curve from oo to 900. 
Sine values were obtained_ directly from a table; however, errors of 
the same order of magnitude as those in the potential measurements, 
up to ~.00005 volts, were introduced at random. By plotting sine 8 
versus 9 on an enlarged scale, it wa$ possible to draw the sine curve 
as six straight line segments. These segments covered the ranges 
oo to 330, 33° to 60°, 60° to 74°, 740 to 84° and 84° to 90°. The 
least squares method was applied to the sine curve both as one smooth 
curve having the assumed equation sine I)== 0.0 + a 6+ be2 and as six 
straight line segments represented by equations of the type sine 8 
=a ~eb. after evaluating the constants in the assumed equations, 
and obtaining the deviations and the squares of the deviations between 
the observed and calculated values of sine 6 , the criteria for close­
ness of fit was applied. It was found that over the entire range of 
oo to 900, the six straight line segments ~ve a better fit to the 
data than one smooth curve by a factor of 5 .4. Over the range oo to 
6oo, in which the slope of the sine curve does not change with great 
rapidity, one smooth curve ~ve a better fit to the data than two 
straight line segments -by the factor of L7. Therefore, it was con­
cluded that this analytical method, in which the equation for a smooth 
curve contains only three constants, can only be applied over a 
limited range in which the curve does not show marked changes in slope·. 

The least squares method was applied to both the heating and 
cooling data obtained for titanium speciJ!leri L From the resistance 
curve, it appeared that two discontinuities existed over the range 
oo to 6oooc, one at 3350C and the other at 5160C. Therefore the 
resistance curve was drawn as three straight line segments over this 
range. The change in slope between these two segments meeting at 
3350C was not great and therefore the analytical method could be 
applied. The se~ent covering the range oo to 335oc had as its 
assumed equation - = 1.0000 ~ at where R0 ~ 0.15220. The constant 

Ro 
~evaluated by the least squares method was found to be 0.003941. 
The segmP.nt from 3350 to 5160C had the assumed equation R = a ~ bt, 

R 
and the constants as evaluated by the least squares methog were found 
to be a = 1.1831 and b = 0.003406. 

Tables 21 and 22 give the deviations and the squares of the 
deviations between the observed and calculated values of ~ for the two 

straight line segments under discussion. The equation~ g loOOOO + 
0 
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TABIE XXI 

Deviations between the observed and calculated values of ~ of 
0 

titanium specimen 1 from 0° to 335°C assuming the equation of the 
resistance versus temperature curve is~~ 1.,0000 + 0.,003941 t, where 
R0 equals Ool5220o 0 

TOC (R 6 
rio 

(R ) 
Ro c ER) - (R ~ Ro o R0 c 

~) _ (R) ~ , 
Ro o lro c 

0 1.,0000 loOOOO 0.,0000 OoOOOOOOOO 
24 l ol014 le0946 0.,0070 0.,00004900 
30 loll?l Lll82 -0 .. 0011 0.,00000121 
37 lol499 Ll458 Oo004l 0.,00001681 
40 Ll665 lol576 0.,0089 Oo00007921 

53 L2083 L2089 - 0.,0006 0.,00000036 
58 1.,228? L2286 0.,0001 OoOOOOOOOl 
66 L2592 lo2601 -0.,0009 Oo00000081 
70 lo2786 L2759 0.,0027 0.,00000?29 
?8 lo3056 L3074 -0.0018 Oo00000324 

94 lo3692 lo3705 -0.,0013 Oo00000169 
97 1.,3830 L3823 Oo0007 Oo00000049 

106 L4126 L4177 -0.,0051 0.,00002601 
113 lo4443 lo4453 -OoOOlO 0.,00000100 
120 lo4718 L4729 -OoOOll 0.00000121 

127 lo5032 L5005 0.,0027 0.,00000729 
134 L5241 L5281 -0.,0040 Oo00001600 
147 L5739 lo5793 -O o0054 0.,00002916 
153 lo603l L6o30 -0.,0001 0.,00000001 
159 lo6242 L6266 -Oo0024 Oo000005?6 

169 lo6659 1.,666o -0.,0001 0.,00000001 
176 lo6927 L6936 -0.,0009 0.,00000081 
189 lo7469 L7448 Oo0021 Oo00000441 
201 L7964 L7921 Oo0043 Oo00001849 
215 L8546 L8473 0.,0073 Oo00005239 

221 L8722 L8710 0.,0012 Oo00000144 
231 1.,9142 L9104 0.,0038 0.,00001444 
233 L9179 1.,9183 -0.,0004 0.,00000016 
247 lo9763 1.,9734 0.,0029 Oo00000841 
249 L9847 L9813 0.,0034 Oo0000ll56 
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TABLE XXI (Continued) 

T°C (R ) 
R0 o . 

(R ) 
R0 c Gli) -(E ~ R0 o R0 c ~) R0 o 

- (R g R0 c 

258 2e0159 2e0168 -DoOOQ9 Oo00000081 
263 2o0442 2o0365 Oe0077 Oo00005929 
270 2e0635 2e0641 -Do0006 Oo00000036 
282 2o1140 2o1114 Oe0026 Oo00000676 
287 2e1311 2o1311 OeOOOO OoOOOOOOOO 

301 2o185Q 2o1862 ....Oe0012 OoOOQQ0144 
304 2o1972 2o1981 ....Oo0009 Oo00000081 
318 2o25()() 2o2532 - Oe0032 Oo00001024 
323 2o2684 2o2729 =0e0045 OoOOQQ2025 
331 2o2986 2o3045 ....Oo0059 Oo00003481 

Oo00049735 
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TABLE XXII 

Deviations between the obse~ed and calculated values of ~ of 
titanium specimen 1 from 335° to 516°C §ssuming the equation c -the 
resistance versus temperature curve i? R = lol831 + Oo003406 t, where 
flo equals 0,15220o 0 _ , 

T°C ( ~}I R [< l>Q - ( Jo>~J ~ R R J2 { R >c R"o)o - ( 1\,) 1.. Ro · ~ 0 ' 

339 2o2392 2o3377 -Oo0085 Oo00007225 
344 2.3502 2o 3548 -Oo0046 Oo00002.116 
353 2.3782 2.3854 -Oo0072 0.00005184 
364 2.4185 2 o4229 -0,0044 Oo00001936 
366 2.4286 2o4297 -Oo0009 0,00000081 

374 2.4538 2.;4569 -0.0031 0.00000961 
379 2.4758 2o4740 0.0018 Oo00000324 
392 2.5181 2.5183 -Oo0002 .Oo00000004 
392 2o5200 2.5183 0.0017 0.00000289 
404 2o5639 2.5591 Oo0048 0,00002304 

406 2o5713 2.5659 0,00.54 Oo00002916 
419 2, 6143 2.6102 .0.0041 0.00001681 
420 2.6212 2..6136 Oo0076 Oo00005776 
431 2o6557 2o6511 Oo0046 0.00002116 
434 2.6672 2.661!,3 Oo0059 0,00003481 

445 2,7037 2.6988 ·o.oo49 0.0000240~ 
451" 2o 7263 2,7192 0.0071 0.00005041 
460 2, 7534 2.7499 Oo0035 0,00001225 
466 2.7754 2o7703 o.od51 o.oooo2co1 
478 2. 8130 2.8112 0.0018 0.00000324 

479 2.8166 2o8146 0,0020 0,00000400 
L 97 2o8706 2.8759 -0.0053 0,00002809 
498 2.8751 2.8793 -0,0042 0,00001764 
.513 2o9189 2.9304 -0,011.5 0,00013225 
514 2. 923.5 2o9338 -0.0103 Oo00010609 

0.00076793 
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at -Q> bt2 was also assumed to fit the data between OOC and 5160C., By 
applying the least squares method~ §:.was foillld to equal Oo004102 and 
Q was found to equal -Oo0000006226o Table 23 gives the deviations and 
the squares of the deviations between the obseived and calculated values 
of ~ for this smooth curve over the range 0° to 5160C., 

0 

The closeness , of fit criteria was applied and gave the following 
results o • 

12 two straight line segments ~£(Yo = y) 2 
n - m 

Oo004973~5-_0J00076793 ~ OoOOOQ20410 

ft smooth curve ... ~(Yo = y) 2 _ 0 o0049838 
n~m 65 - 2 

.11 smooth curve 
---::n:----:-t-w-o-'-'-s t-:-r-a-'-i:-"g'-:'h-:t--:1-:-in-e_s_e_g_m_e_n-:-t-s- ~ 3 "9 " 

~ 0.,000079llo 

Therefore $ two straight line segments gave a better fit to the observed 
data than one smooth curve of the assumed form by a factor of 3o9 ove~ 
the temperature range 0° to 516°C., 

The least squares method was applied to both the heating and cool­
ing data obtained for thorium specimen 1. From the resistance versus 
temperature curve, it appeared that two discou;inuities existed over 
the temperature range 0° to ?OOOC~ one at 356<.. .. and the other at 54ooc., 
As a result~ the resistance curve was drawn a s l.hree s c, ... ~aigtlt line 
segments over this range., The change in slope between the two segments 
meeting at 3560C was small and therefore the analytical method could be 
applied ., The equation covering the range 0° to J560C was found- to be 

l :ii: LOOOO -Q> Oo002665t where Ro ""Ool0540 o The equatioa for the range 
3g6o to 5400C was found to be i :;s ;_oll64 -Q> 0.,002324t., Tables 24 and 
25 give the deviations and the ~qu~~es of the deviations hetw~en the 
observed and calculated values of * for the two straight ::...ine segments 0 

The equation ~ ,g LOOOO "'i' Oo002780~ ~ 0.,0000004355t2 was al::;o assuu.-3 d 
to fit U ... e daf2 ., Table .26 :shows the deviations and the s*ua res of the 
deviations between the obsei"'tred ana ca1c u- . t~d values of R." for this 
. 0 
smooth curve over the temperature range QL to 5400C o 

Applying the equat1on for clo.sen:::.ss of fit gave the f ollowing 
resultso 

., 
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TABLE XXIII 
. . .. R 

Deviations between the observed and calculated values of - of 
titanium specimen 1 from oo to 516°C assuming the e·quation of l!o the 
resistance versus temperature curve is ~ : 1.0000 + 0 .. 004102 t -
0.0000006226 t2, where Ro equals 0.15220? . . -

T°C ( ~0)0 ( ~)c [c ~,,lo - C ~>J L R R J2 ( Irolo- ( n)c 

0 lo-0000 1.0000 o .. oooo 0 .. 00000000 
24 1.1014 1.0981 0 .. 0033 0.00001089 
30 1.1171 1.1225 -0.0054 0.0000291.6 
31 1.1499 Ll509 -0.,0010 0.00000100 
40 1.1665 Ll631 0.0034 0.000011.56 

53 1.2083 1. 21.57 -0.0074 0.0000.5476 
.58 1.2287 lo 23.58 -o:oo71 0.0000.5041 
66 1.2.592 1.2680 -0.0088 0.00007744 
70 1.2786 lo2840 -0.00.54 0.00002916 
78 1.30.56 1.3164 -0.0108 0.00011664 

94 1.3692 1.3801 - 0.0109 0.00011881 
97 1.3830 1.3920 -0.0090 0.00008100 

106 1.4126 1.4278 -0.0152 0 .. 00023104 
113 L4443 1.4.5.5.5 -0 •. 0112 0.00012.544 
120 1.4718 1.4832 -0.0114 0.00012996 

128 1..5032 1.5149 -0.0117 0.00013689 
134 1.5241 1 • .538.5 -0.0144 . 0.00020736 
147 L.5739 lo .589.5 =0.01.56 0 .. 00024336 
1.53 1.6031 1.6130 -0.0099 0.00009801 
1.59 L6242 L636.5 - 0.0123 0.0001.5129 

J 69 L66.59 1.67.54 -0. 009.5 0.0000902.5 
176 L6927 1.7027 -0.0100 0.00010000 
189 1.7469 lo 7531 -0.0062. 0.00003844 
201 1.7964 L7993 -0.0029 0.00000841 
21.5 L8.546 ·1.8531 0.0015 0.0000022.5 

221 '1.8722 L8761 -0.0039 0.00001.52l 
231 1.9142 L9144 -0.0002 0.00000004 
233 1.9179 1.9180 =0.0001 0 ... 00000001 
247 1.9763 L97.52 0.0011 0.00000121 
249 L9847 1.9828 0.0019 0.00000361 
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TABLE XXIII (Continued) 

T°C (~o)o (~ )c·i ITF R g ~o)o- (~o~ 2 tr)o - (~0\ 0 • 

258 2.0159 2.0168 -0.0009 0.00000081 
263 2.0442 2.0:;357 0.0085 0.00007225 
270 2.0635 2.0621 0.0014 0.00000196 " 
282 2.1140 2.1073 0.0067 0.00004489 
287 2;1311 2.1260 0.0051 0.00002601 

301 2.1850 2.1783 0.0067 0.00004489 
304 2.1972 2.1895 0.0071 p .. 00005929 
318 2.2500 2.2414 0.0086 0.00007396 
323 2.2684 2.2600 0.0084 0.00007056 
331 2.2986 2.2896 0.0090 0.00008100 

339 2.3292 2.3191 0.0101 0 .OOOl02p)1 . -
344 2.3502 2.3374 0.0128 0.00016384 
353 2.3782 2.3704 0.0078 0.00006084 
364 2.4185 2.4106 0.0079 0.00006241 
366 2.4286 2.4179 0.0105 0.00011025 

374 2.4538 2.4470 0.0058 o'~00003364:· 
2.4653 

.·- •' 

379 2.4758 0.0105 0. 00011025 
392 2.5181 2.5123 0 . 0058 0 .000033 64 
392 2.5200 2.5123 0. 0077 0.00005929 
404 2.5639 2.5556 0.0083 0. 00006889 

406 2.5713 2.5628 0.0085 ' 0.00007225 
419 2.6143 !2 .6094 0.0049 0.00002401 
420 2.6212 2. 6130 0.0082 0.00006724 
431 2.6557 2.6523 0.0034 0.00001156 
434 2.6672 2.6630 0.0042 0.00001764 

445 2.7037 2.7021 0 .0016 0.00000256 
451 2.7263 2.7234 0.0029 0.00000841 
460 2.7532 2.7552 -0.0020 0.00000400 
466 2.7754 2.7763 - 0.0009 0.00000081 
478 2.8130 2.8185 -0.0055 0.00003025 

479 2.8166 2.8230 -0.0064 0.00004096 
497 2.8706 2.8849 -0.0143 0.00020449 
498 2.8706 2.8884 - 0.0133 0.00017689 
513 2.9189 2.9404 -0.0215 0.00046225 
514 ' 2.9235 2.9439 -0.0204 0.00041616 

0.00498377 
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TABLE lliV 

Deviations between the observed and calculated values of ~ of 
thorium specimen l from oo to 356oc assuming the equation of thg 
resistance versus temperature curve is ~ = 1.0000 ~ 0.002665 t, where 
R0 equals 0.10540. o 

T°C (B. ) 
R0 o 

(li ) 
R0 c fJ) - (R ~ R0 o . R0 c ~) - (!\ ~2 R0 o R0 c 

0 1.0000 1.0000 o.oooo 0.00000000 
30 1.0809 1.0800 0.0009 0.00000081 
31 1.0835 1.0826 0.0009 0.00000081 
50 1.1369 1.1323 0.0036 0.00001296 
58 1.1568 1.1546 0.0022 0.00000484 

66 1.1825 1.1759 0.0066 0.00004356 
72 1.1857 1.1919 -0.0062 0.00003844 
82 1.2262 1.2185 0.0077 0.00005929 
91 1.2387 1.2425 -0.0038 0.00001444 

100 1.2753 1.2665 0.0088 0.00007444 

106 1.2801 1.2825 -0.0024 0.00000576 
. 119 1.3273 1.3171 0.0102 0.00010404 
121 1.3201 1.3225 -0.0024 0.00000576 
137 1.3757 1.3651 0.0106 0.00011236 
146 1.3857 1.3891 -0.00.34 0.00001156 

158 1.4294 1.4211 0.0083 0.00006889 
160 1.425.3 1.4264 -0.0011 0.00000121 
173 1.4676 L4610 0.0066 0.00004.356 
176 1.4671 1.4690 -0.0019 0.00000361 
188 1.5082 1.5010 0.0072 0.00005184 

192 1.5090 1.5117 -0.0027 0.00000729 
211 1.5609 1.562.3 -0.0014 0.00000196 
219 1.5849 1.58.36 0.001.3 0.00000169 
228 1.6071 1.6076 -0.0005 0.00000025 
2.35 1.6.308 1.626.3 0.0045 0.00002025 

252 1.6789 1.6716 0.007.3 .· 0.00005.329 
267 1.7176 1.7116 0.0060 0.0000.3600 
299 1.8001 1.7968 0.003.3 0.00001089 
.314 1.8.306 1.8.368 -0.0062 0.0000.3844 
323 1.8568 1.8610 -0.0042 0.00001764 
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TABLE XXIV (Continued) 

T°C (~o)o (R ) ' ~~o)o - (~o)~ ~o)o- (~o\ 2 
Ro a 

.3.30 1.8712 1.8795 -0.007.3 0.00005329 
338 1.8994 1.9008 -0.0014 0.00000196 
345 1.9098 1.9194 -0.0096 0.00009216 
356 1.9433 1.9487 -0.0054 0.00002916 

0.00102545 
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TABLE Y:JJl 

Deviations between the observed and calculated values of ~ of 
thorium specimen 1 from 3560 to 54000 assuming the equation of ~he 
resistance versus temperature curve is io = 1.1164 ... 0.002324 t, where 
Ro equals 0.10540. 

T°C (R 6 <10 )c IT~o) o - (~og [ll,)o- (~o\ 2 
Ro 

.368 1.9661 1.9716 -0.0055 0.00003025 
374 1.9856 1.9856 0.0000 0.00000000 
387 2.0193 2.0158 0.0035 0.00001225 
388 2.014S 2.0181 -0.0033 0.00001089 
404 2.0574 2.0553 0.0021 0.00000441 

405 2.0556 2.0576 -0.0020 0.00000400 
422 2.1009 2.0971 ',Q·.Q038 0.00001444 
422 2.0966 2.0971 -0.0005 0.00000025 
442 2.1441 2.1436 0.0005 0.00000025 
445 2.1528 2.1506 0.0022 0.00000484 

45S 2.1808 2.1776 ' 0.0022 0.000004~4 
468 2.2058 2.2040 0 . 0018 0.00000324 
474 2.2203 2.2180 0.0023 o·.ooooo529 
483 2.2392 2.2389 0.0003 0.00000009 
499 2.2776 2.~61 0.0015 0.00000225 

502 2.2838 2.2830 0.0008 0.00000064 
517 2.3155 2.3179 -0.0024 0.00000576 
520 2.3251 2.3249 0.0002 0.00000004 
532 2.3504 2.3528 -0.0024 0.00000576 
540 2.3693 2 • .3714 -0.0021 0.00000441 

0.00011390 



76 ISC-305 

TABLE XXVI 

Deviations between the observed and calculated values of ~ of 
thorium specimen 1 from oo to 5400C ass~ing the equation of th~ 
resistance versus temperature curve is R : 1.,0000 ~ 0.002780 t -
0.0000004335 t2, where R0 equals 0.10540? 

TOC (~ ) 0 (R ) (J ) - (R )J [f ) - (R ) 2 
0 . R'o c ti0 o R'0 c R0 o R0 c 

0 1.0000 LOOOO OoOOOO 0.00000000 
30 L0809 1.0830 -0.0021 0.,00000441 
31 1.,0835 1.0858 -Oo0023 0.00000529 
50 1.1369 1.1379 -0.0010 0.00000100 
58 1.1568 Ll597 -0.0029 OoOOQQQ841 

66 1.1825 lo1816 0.0009 OoOOQQQQ81 
72 1.1857 Ll980 -Oo0123 0.00015129 . 
82 1.2262 L2251 0.0011 0.00000121 . 
91 L2387 L2494 - 0.0107 OoOOQ11449 

100 L2753 1.2737 0.0016 0.00000256 

106 1.2801 1.2898 -0.0097 0.00009409 . 
119 1.3273 1.3247 0.0026 0.00000676 
121 L3201 1.3301 -0.0100 0~00010000 

137 l.3757 1.3728 0.0029 0.00000841 
146 l.3857 1.3967 -0.0110 0.00012100 

158 1.4294 1.4284 0.0010 0.00000100-
160 1.4253 1o4337 -0.0084 0.00007056 
173 1.4676 1 .. 4679 -0.0003 0.00000009 
1?6· 1.4671 L4759 - 0.0088 0.00007744 
188 1.5082 1.5073 0.,0009 OeOOQQQQ81 

.... 92 1.5090 L5178 -0 .0088 0.00007744 
211 l.56o9 1.5673 -0 .0064 O. OOJ04096 
219 L5849 1.5880 - O.Q031 0.00000961 
228 1.6071 1.,6113 -Oo0042 · 0.,00001764 
235 1.6308 l.6294 0.0014 0.00000196 

252 1.6789 1.6731 Oo0058 0.00003364 
267 l.7176 1.7114 0 .. 0062 0.00003844 
299 1..8001 1.7924 0.,0077 0.00005929 
314 1o8306 1 .. 8302 0.0004 OoOOQQQQ16 
323 L8568 1.8527 0.0041 0.00001681 

'""""' -
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TA;BLE XXVI (Cont:Lnued) 

TOO (R ) 
Ro. 0 

(R ) 
R0 c c!!. ) - (!!. llJ Ro o R0 c ~) - (!! ~ 2 R0 o R0 c 

330 1.8712 1.8702 0.0010 0.00000100 
338 1.8994 1.8901 0.0093 0.00008649 
345 1.9098 1.9075 0.0023 0.00000529 
356 1.9433 1.9348 0.0085 0.00007225 
368 1.9661 1.9643 0.0018 0.00000324 

374 1.9856 1.9791 0.0065 0.00004225 
387 2.0193 2.0110 0.0083 0.00006889 
388 2.0148 2.0133 0.0015 0.00000225 
404 2.0574 2.0523 0.0051 0.00002601 
405 2.0556 2.0548 0.0008 0.00000064 

422· 2.0966 2.0960 0.0006 0.00000036 
422 2.1009 2.0960 0.0049 0.00002401 
442 2.1441 2.1441 o.oooo 0.00000000 
445 2.1528 2.1513 0.0015 0.00000225 
458 2.1808 2.1823 -0.0015 0.00000225 

468 2.2058 2.206i --0.0003 0.00000009 
474 2.2203 2.2203 o.oooo 0.00000000 
483 2.2392 2.2416 -0.0024 0.00000576 
499 2.27?6 2.2793 -0.0017 0.00000289 
502 2.2838 2.2864 -0.0026 0.00000676 

517 2.3155 2.3214 -0.0059 0.00003481 
520 2.3251 2.3284 -0.0033 0.00001089 
532 2.3504 2.3563 -0.0059 0.00003481 
540 2.3693 2.3748 -0.0055 0.00003025 

0.00152902 
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.D.. two straight line segments = £(yo - y) 2 
n-m 

_a 

it 

0.0010255 - 0.00011390 
54 - 3 

= 

smooth curve = ~~lQ - ll 2 
n-m 

smooth curve 
two straight line segments 

0.00002234. 

= 0.0015290 - 0.00002940. 
54 - 2 

,.. 1.3. 
" 

Therefore, two straight line segments ~ve a better fit to the observed 
data than one smooth curve of the assumed form by the factor of 1.3. 

These results indicate that straight line segments are a better 
fit than ·• ~ooth curve of the assumed form in both these cases. In 
the case of thorium, however, the precision ofJJlis ~.00000600 which 
lends little significance to the factor l.J1~'~ the case of titanium, 
the factor is sufficiently large that it cannot be disre~rded. How­
ever, addition of more terms to the equation for the smooth curve would 
probably reduce the factor. Furthermore, since the ·-ft!!- curves give 

no good indication of discontinuities, it cannot be co~gtuded from these 
data that these discontinuities are real. 

VII. SUMMARY AND CONCLUSIONS 

The purpose of this investigation was to study the temperature 
dependence of electrical resistivity of thorium and titanium and to 
determine whether or not the slope of the resistance versus temper­
ature curve of these metals exhibit anomalous discontinuities. Iron 
was also studied in an attempt to reproduce previously reported re­
sults on discontinuities in the slope of the resistance versus tem­
perature curve for this metal. 

.. The results of this investigation indicate that the bes t value 
for the resistivity of iodide titanium at 20°C is 49.6 microhm-centi­
meters, and is 167.5 microhm-centimeters at 850°C. The temperature 
coefficient of electrical resistance from oo to 100°C was found to be 
0.00397. The room temperature resistivity is somewhat higher than the 
values of 46.7 and 47.5 microhm-centimeters reported in t he literature 
by Jaffee and Campbell and VanArkel. The slightly higher results 
obtained in this investi~tion were probably due to contamination of 
the metal by minute amounts of oxygen and nitrogen. 

> 
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The resistivity of electrolytic iron at 200C was found to be 9.7 
microhm-centimeters, and is 105.5 microhm-centimeters at 9000C. The 
Curie point was observed to be at 7560c, reproducing the result which 
Burgess and Kellberg obtained for electrolytic iron. 

The resistivity of thorium containing 0.03% beryllium, 0.01% 
aluminum, 0.11% carbon, and< 0.01% nitrogen was found to be 21.7 
microhm-centimeters at 200C. At 9650C, the resistivity of this metal 
is 64.1 microhm-centimeters. The temperature coefficient of electrical 
resistance from oo to lOOOC is 0.00277. The resistivity of thorium 
containing 0.06% beryllium,< 0.01% aluminum, 0.04% carbon, and 0.02% 
nitrogen was found to be 20.4 microhm-centimeters at 20°C, and is 67.5 
microhm-centimeters at 9000C. The temperature coefficient of electrical 
resistance of this metal from oo to loooc was found to be 0.00333. The 
reason why at elevated temperatures the resistivities of the 0.11% 
carbon sample should be lower than those of the sample containing only 
0.0445% carbon is uncertain. 

In addition to inspection of resistance versus temperature plots, 
two rigorous methods were utilized to study the existence of disconti­
nuities in slope of the resistance ' versus temperature curves of thorium, 
titanium, and iron. These methods entailed plotting ~Rx versus 

AR :t-. 
temperature and the application of the least squares me€nod with the 
closeness of fit criteria to the data. 

-
Visual examination of the resistance data for titanium when plotted 

on an enlarged scale indicated that the data could best be reprcsent~d·: · 
by segments Of straight lines and that diSCC?ntinuities in slope existeuo 
The temperatures of these discontinuities were reporduced to within = 200C on separate runs. No obvious discontinuities were observed in 
the resistance versus temperature curve for iron. Some indication of 
such discontinuities was observed in the case of thorium. 

The graphical method that involved practically simultaneous 
isothermal measurements of the electrical resistance of both platinum 
a .1d the metal being studied offered a new apprflach to the problem. 
By taking small increments of temperature,~~ ll Rx versus temperature 
curves were plotted. The .dR x versus temp~ra~~re curves in all cases 

th th b~ Rpt · · d · t · f th · t f were smoo curves, ere y g1v~g no ln 1ca 1on o e ex1s ence o 
anomalous discontinuities. 

An analytical method, which employed the least squares method and 
tne criteria for closeness of fit botH to segments of straight lines 
represented by equations of theRt-.ype R - a .g. bt and to a smooth curve 
having as its assumed equation Ro = 1.8000 +at + bt2, was applied to 
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the resistance data for titanium and for thorium over the temperature 
ranges in which discontinuities in slope of resistance versus tempera­
ture curves were indica ted by visual observations. In the case of 
thorium over the range oo to 540oc, two straight line segments gave a 
better fit to the data than one smooth curve of the assumed form by a 
factor of 1.3. However, the precision index was such that this factor 
has little significance. In the case of titanium over the range oo to 
516°C, two straight line segments gave a better fit to the data by a 
factor of 3.9. This factor is sufficiently large that it cannot be 
disregarded. However, addition of more terms to the equation for the 
smooth curve would probably reduce this factor. 

The results obtained in this investigation in general do not show 
the existence of discontinuities in the slope of the resistance versus 
temperature curves of these metals over the temperature ranges studied, 
except possibly in the case -of titanium. For titanium, visual observa­
tion of the plotted data and the analrtk~l method indicate the exis­
tence of discontinuities, while the i Rt1 versus temperature curves 
gave no indication for their existence. p~urther, the addition of more 
terms to the equation for the smooth curve would probably reduce the 
significance of the results obtained by the analytical method. 

Further studies on this problem should be ~onducted. A number of 
experimental difficulties encountered in this study must be taken into 
consideration in future investigations. The elimination of temperature 
gradients in the specimen and between the two specimens is of great 
importance. Besides using a furnaoa....l'lhich at elevated temperatures 
has temperature gradients as small as possible, a metal sleeve, preferably 
of titanium or zirconium, should be placed around the specimens inside 
the furnace tube. Since these metals are both good conductors of heat 
as well as effic~ent getters, they would serve to reduce temperature 
gradients and to remove active residual gases. The use of a silver tube 
on the outside of the furnace tube would further he~p to eliminate 
temperature gradients. Also, the use of small diameter potential and 
current lead wires will minimize the 'heat that _is conducted away from 
the specimens. Another major problem to contend with is that of the 
possible physical changes of the spe~imen during the run. Crystal 
grcwTth and the precipitation of impuriti~s, s~ch as oxides and nitrides, 
in the grain boundaries may give rise to erroneous results. Although 

- these changes are characteristic of the metal, fully annealing the 
specimens and maintaining a high vacuum will help minimize their effect. 
Another source of difficulty is the possible presence of metallic vapors 
due to volatile impurities in the specimens or due to the vapor pre5sure 
of the particular metal used. These vapors tend to condense on the 
current arid potential lead-wire-insulators in the colder areas of the 



ISC-305 81 

furnace and cause shorting between the wires, particularly i! the 
insulating material is porous or at points where the wire extends 
through an otherwise impervious insulator. Such vapors would also 
tend to contaminate the platinum specimen. Also, all ap:r&ratus should 
be shielded to prevent any pickup of stray currents. 

The precision in measuring 4 Rx should be increased and more 
terms should be used in the equa Oflo~Pfor the smooth curve. Taking all 
these factors into consideration and utilizing the methods employed in 
this investigation, more conclusive evidence should then be available 
to determine the reality of anomalous discontinuities in the slope of 
the resistance versus tempera. ture curves of metals. 
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