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ABSTRACT 

The three Independent elastic constants of the 

bcc niobium structure have been determined as a function 

of temperature over the range 4.2°-3Q0°K, using an ultra¬ 

sonic pulse technique - the propagation of 10 Me waves 

in preferred directions in the crystal specimen. Values 

obtained at 4.2°K are, in units of 10“ dyne/cm2, 

cu « 25.27 -0.6$, c44 = 3.10 -0.6$, c = 13.32 -3.3$. 

A few measurements were also carried out on the 

thermal expansion of niobium, from 140°-280°K, and this 

quantity determined at a function of the temperature. 

The average expansion coefficient over the whole range 

studied was 6.24x10“^ deg”1, which agreed moderately well 

with earlier work by other investigators. 



INTRODUCTION 

The ultrasonic pulse method has been used for 

some time in this laboratory in the study of the elastic 

constants of the body-and face-centered cubic structures 
| g Jl C 

of the alkali halides, as well as calcium fluoride. * * * * * 

This thesis reports an investigation of the elastic con¬ 

stants of a metal, carried out in this laboratory for the 

first time. The metal studied was niobium (columbium), 

which has an atomic number of 41, is a member of subgroup 

V-A (vanadium, niobium, tantalum and uranium), and exhibits 

a body-centered cubic structure. 

Three niobium crystals were received from the Jet 

Propulsion Laboratories, and were described as having a 

"mosaic" structure with a dispersion of 2°-4°, so the 

specimens appear not to be perfect single crystals. Results 

of the measurements show that there is a comparatively small 

dependence of the elastic constants on temperature, with 

C-Q and c^ behaving roughly as expected, but c12 exhibiting 

some anomalous variation. 

Some measurements were also carried out on the thermal 

expansion of niobium over the temperature range 140°-280°K, 

using the change of capacitance of a capacitor as an indi¬ 

cation of the variation of length of the specimen. Values 

obtained were in satisfactory agreement with earlier 

T 8 
investigations. * 
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I. THE ELASTIC CONSTANTS OP NIOBIUM PROM 4.2°-300°K 

A. Theoretical Background,-9 

Crystal strain components 

Consider a system of unit Cartesian coordinate axes, 

denoted by f, g, and h rigidly fixed in an unstrained 

solid, which become f’, g' and h* under the application of 

a small uniform deformation. Then a particle originally 

described by the vector r=xf+yg+zh now has a position 

r^xf+yg'+zh', and its displacement under the strain is 

r' -r*=x(f' -f )+y(g * ~g)+z (h1 -h)=uf+vg+wh 

where, if we exclude rotations, 

JU - <s„ x +• T e. *r 

/V~ 1=5 2, ^*y % ^yy 

+jey* ^ I4- 2r 

with tbe e’s the six crystal strain components, given by 

c9t 

&yx — ty 
— o’* 

*1 

c?ih 
'*r 

Gyy — 

<PM) £jjr 

«» = 55" 
J/i , 

/O — fs r= -h 
c^. o>x 

Strain components of the type e„„ may be regarded as 
*y 

being composed of two simple shears. In one of the shears, 

planes of material normal to the x-axis slide In the y 

direction; in the other shear, planes normal to the y-axis 

slide in the x direction. 

Crystal stress components 

Stress is just the force acting on a unit area of the 
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solid. If we consider a plane in our solid, denoted by 

the normal n, then we can describe the ratio of the force 

exerted on it, to its area as the area becomes vanishingly 

small, by a single vector F. Let the projections of this 

vector on the coordinate axes be Xn, Yn, Zn. Then the 

projection on the normal is given by 

Xncos(x,n) + Yncos(y,n) + Zneos(z,n) 

and we see that there are nine crystal stress components: 

Xx* *y* Xz» Yx* Yy* Yz> zx* Zy, Zz. If we require that 

an elementary crystal cube be in equilibrium under the 

applied deformation, we see that the total torque must be 

zero and that Yz=Zv, ZV=X_, X=Y . 

The six Independent stresses and strains can now be 

related by a generalized form of Hooke's law: 

/x*\ e„ C !2 O/S C/«f C/s- C/4 \ 1 \ 

Ogl Czz C« CjJ.4 C^3T 0j6 eyy 

f 
z. 

S3 .. 

c 31 C33 Cg-f C*r C 56 

Y* C4I C +2 O43 C 0 -fb ©/rf 

r Osl Cri 0 ss C rf. <1*6 

\Xy / i c C zz ots 0(4 C*r \ / 

where the c's are known as the moduli' of elasticity, and 

often in the literature as the "elastic constants," which 

less exact designation will be used throughout this work. 

If we consider the work done on a small cube by the 

stress system, we find that the increment 6U of elastic 
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energy per unit volume is: 

6U = 3^ 5®xx+Yy 5eyy+Zz <5ezz+Yz 6eyz+Zx 5ezx+Xy 5exy 

so that |£ =Xx, f£ «Yy, and 

o>X, _ 5% 

c?€yy ae« 

If relations of this type are used in the equations given 

by the matrix relation above, we find that Cij^ji* and 

the number of independent elastic constants Is reduced 

to twenty-one. 

This result holds for any crystal. 

Cubic crystals 

If the crystal possesses cubic symmetry, we may 

further reduce the number of independent elastic constants. 

Choosing the coordinate axes parallel to the cube edges, 

we see that first we may permute the axes, which are 

equivalent because of the four-fold rotational symmetry 

of the crystal. This gives 

°ll*c22*c33 * c44=c55“c66 J cl2ssC13SiC23 

Second, all other constants may be shown to be zero if we 

reverse the axes one at a time in the first three equations 

of the system, and if we reverse together the axes corres¬ 

ponding to the two letters in the stresses in the second 

three equations of the system. Thus, for a cubic crystal 
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w IZ 

Co 

c 12. 

0 

0 

0 

c tz 

C 12 

C o 

0 

0 

0 

0 

0 

0 

”44 

0 

0 

44 

Consider the forces on a cubical element of volume, 

of mass mQ. The acceleration of the cube will be pro¬ 

portional to the net force, so that 

or In the limit: 

m u «*. ( 

i 

Oil = , cPXy i <P Xjf 

<*y* p$ = <&* + £LH + 
j cJZ c 

l Similarly, 

Using the expressions for the stresses found from 

<97J 

c?-£v p.W =S + £2* 

.10 the matrix equation, we get the elasto-kinetic equations* 

of motion: 

pM = (c„-c(i)uxx +c,^(uxx +vxy+wXif ) + c^(ux/ +UjM+VXy+Wx« ) 

/O.V = (c„-C„)vyy + C/<?(uxy +Vyy+W,y ) + C^(vxx + Vgg+Uyx+Wyi. ) 

(W = (c„-C/2)w« +cu(ux* +v^+wM ) + c44(wxx +wyy+u*x+v*y ) 

where here the letter subscripts denote partial derivatives, 

If we assume plane wave solutions for these equations, 

_ x, y, z 

and substitute in the above equations, then the requirement 



for compatibility of the amplitudes A^ is the well known 

equation 

(c,( c44k •mp0u)z (c^'i'Q^)k/(c« ^Qf()k( k^ 

(e,*+c44)k,k, (c „ -c^Jkt+c^k'-p.w* (c„ +o„)k*k, 

(c,*+c44)k,k, (c,i+c44)k,k, (c„ -q^Jkf+c^k2 

which is cubic in . Here, k2 « k,*+ k,+ kj. 

For certain special cases, simple relations between 

the elastic constants and the velocities of propagation 

result. Consider; 

(a) Wave in fl,0,0J direction: k, = k, k4® k3= 0 • 

(c,,*1-?.<*•) (c^k*-^**) (c44k=0 

If c„k^=p.a>a, A,0, Ays= A*= 0, so that for a longitudinal 

itfave, we can find 

c" “P-ff/* ^ 

If c^k*®^*, A*» 0, Ay* 0, A, 94 0, so that for a transverse 

wave of any polarization, we find 

C44 ® f>aVr 

(b) Wave in Cl,1,03 direction; k,® k4= ~, k,® 0 

(c^-^a)1) { £(c„+C4«)J: -p.oo3z-{Cv+c^Y^} » 0 

If c44k
2=p,«>% A*?4 0, Ax = Ay = 0, so that for a transverse wave 

polarized parallel to the z-axis, 

=(OoV/ 

If (c^-c^Jj “p.a)*, A,® 0, Ax = -Ay, so that for a transverse 
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wave polarized perpendicular to the z-axls, 

x(c ,/ -c«) o 

If (20^+c,, +c„)§ =spaa>% A, = 0, Ax = A„ , so that for a 

longitudinal wave, 

c« ■ 2 /o.v/ - (2c*« +c „) 

In this work, the equation above was used to find c12, 

after having first found C-Q and from the equations 

under (a) above. 

B. Experimental Apparatus. 

Briefly, the ultrasonic pulse method for measuring 

the elastic constants utilizes 10-Mc longitudinal and trans¬ 

verse waves as the plane waves described at the end of the 

previous section. These waves are propagated along the 

Cl,0,03 and Cl,1,0] crystal axes, and from these, the elastic 

constants computed. 

1. Electronic apparatus. 

A block diagram of the electronic apparatus is shown 

in Figure I. The piezoelectric crystal wafer of diameter 

1/2" or 3/4", provided v*ith silver electrodes by evapora- 

-6 
tion at a pressure of 3 x 10 mm. Hg, is excited by a short 

(1.5 sec) pulse from the pulsed oscillator of carrier 

frequency 10 Me, which is also the fundamental frequency 

of this trandsucer. The Arenberg Pulsed Oscillator has 
11 

been described by Marshall. This electrical pulse is 

converted, depending on the type of transducer, into a 



BLOCK DIAGRAM 

OF APPARATUS 

FIGURE I 
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longitudinal or transverse mechanical pulse which travels 

through the niobium crystal as an acoustic wave, reflects 

from the far end, and returns to the transducer. The 

echoes are then converted back into electrical signals, 

amplified by the i-f amplifier and displayed on the time 

base sweep of the oscilloscope, which is a Tektronix type 

545, fast rise time oscilloscope, with type 53/54L fast-rise, 

high gain calibrated preamp plug-in unit. Actually, many 

successive echoes are displayed on the oscilloscope at the 

same time, and can be read with an accuracy of -0,01 p sec 
on the delay time multiplier. Thus the time between echoes 

can be measured accurately, and knowledge of the length of 

the specimen allows the computation of the desired velocities. 

2. Cryogenic apparatus. 

The low temperature apparatus is constructed chiefly 

for the purpose of making measurements at liquid helium 
TO 

temperatures, and is described in detail by Norwood. The 

specimen is placed in a holder which is connected to a thick 

brass plate by long German silver tubes, of such length that 

when the holder is lowered into the helium Dewar, it rests 

near the bottom, and the Dewar is then bolted securely to 

the plate. A coaxial transmission line runs into the 

Dewar, and carries the ultrasonic signals to and from the 

specimen. The helium Dewar fits into a nitrogen Dewar, 

and temperatures of about 80°K are attained by admitting 

liquid nitrogen into the nitrogen Dewar. A temperature of 
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4.2°K Is then reached by transferring liquid helium 

into the helium Dewar, until the liquid covers the specimen. 

Temperatures are read during the ultrasonic measure¬ 

ments from a thermocouple attached directly to the 

specimen. 

C. Experimental Procedure. 

In the transmission of a wave from the transducer to 

the specimen, some type of acoustic seal must be used to 

bind the two together. Two binders were used in this work. 

For transverse waves, it was possible to use one binder, 

Fisher Scientific Company’s Nonaq Stopcock Grease, over the 

whole temperature range 300°-4.2°K. The grease is viscous 

at room temperatures, and becomes solid at lower tempera¬ 

tures. For longitudinal waves, we found that the Nonaq 

binder would break around TO°K, perhaps because of the 

difference in expansion between the two types of quartz 

crystal cuts. Below 80°K, natural gas from a wall outlet, 

and from which all moisture has been removed in a "cold 

trap," is piped into the cryostat and onto the niobium 

surface. The gas condenses around 90°K, and is dripped 

onto the specimen somewhere in the range 80°-85°K, where 

the substance begins to jell. Further reduction of the 

temperature solidifies the binder and gives a good echo 

pattern. Transducers 1/2" in diameter were used with the 
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Nonaq binder, while the special technique at low tem¬ 

peratures required 3/4" transducers with the natural gas.12 

The three niobium specimens were cylindrical, and 

about three cm. in length and 1.5 cm. in diameter. The 

ends of the two used in this work were flat and perpen¬ 

dicular to the Cl,0,03 direction and the Cl,1,03 direction, 

respectively. Measurements of the lengths and densities 

at 300°K, and knowledge of the thermal expansion with 

temperature, coupled with the times of flight of the 

waves as read on the oscilloscope, allow the computation 

of the elastic constants over the whole temperature range. 

D. Sources of Error. 

In this work, errors arose from several sources. 

These will be listed and discussed in some detail. 

1. Seal corrections. 

The binder used in this ultrasonic pulse method has 

the effect of making the time of flight of the waves in 

the crystal, as read on the oscilloscope, too large. That 

Is, the time between echoes is actually for a round trip 

through the binder and crystal, and not the crystal only. 

The actual amount of time lost in the binder is 

very difficult to account for accurately, and there is 

considerable disagreement among those who have carried out 

an investigation. Long and Smith,1^ using phenyl salicylate 
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(Salol), have obtained corrections as large as -0.15/^sec 

and -0.14 // sec for longitudinal and transverse waves, 

14 
respectively while Overton and Gaffney, using the same 

hinder, maintain that corrections should be on the order 

of -0.005//sec to -0.01//sec, and thus practically negligible. 

Corrections finally used in this investigation were 

15 
those recommended by Slutsky and Garland, -' of -0.03//sec 

and -0.04//sec for round trip time of flight oscillos¬ 

cope readings for longitudinal and transverse waves, res¬ 

pectively. Since these corrections were so uncertain, 

we'allowed a probable error of -0.03//sec from this source. 

After the data were all compiled and the elastic 

constants of niobium actually computed over the whole 

temperature range, using the above corrections, we decided 

to carry out our own measurements on the seal corrections. 

Two cylindrical specimens of fused quartz were used, one 

of length (about 1.5") and another of length Lg (about l"). 

If t and t represent the corresponding delay times as 

read on the oscilloscope, then the round trip time loss 

in the binder is given by 

t - Lgti ~ Litg . 
Lg - h 

Using this formula, measurements of t-^ and t2 from 295°-204°K 

for longitudinal and from 295°-157°K for transverse waves 

were taken about every 20°, using the Nonaq binder. The 
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corrections appeared to be temperature independent, and 

were averaged to yield -0.14//sec and -0.19//sec for t 

for longitudinal and transverse waves, respectively. No 

data on the natural gas binder were obtained, 

A more thorough investigation must be conducted before 

a new set of corrections is adopted with any justification. 

In particular, more than two specimens and possibly 

specimens of various kinds, should be used. However, 

the preliminary figures obtained, and consideration of the 

figures supported by other investigators seem at least to 

indicate that corrections determined in one laboratory 

cannot be used in another. This may be due to changes in 

technique from one laboratory to another, such as the 

method of application of the binder, which cannot be 

accounted for in any consistent way. 

2. Pulse distortion. 

The other major source of error is manifested in the 

dispersion in the time of flight readings at a given tem¬ 

perature, caused by pulse distortion of one form or another. 

First, the finite rise time of the Initial pulse becomes 

worse in the echo pattern, so that it is difficult to say 

where an echo actually "starts," and to be consistent in 

this estimation. Second, for cross section of transducer 

and specimen the same, as in this work, there is a definite 

effect on reproducibility of the pulse shape, caused by 
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reflections from the crystal walls* Third* inhomogeneltles 

In the crystals can cause pulse deterioration and spurious 

reflections. The latter were, in fact, always present. 

The pulse distortion from sources such as the above 

introduces difficulties in reading the echo pattern on the 

oscilloscope, and a consequent possible inaccuracy in the 

time of flight. 

In the time observations, data were taken at small 

temperature intervals over the whole range 4.2°-30Q°K, with 

one data point at a given temperature coming from each of 

the echoes. A set of values for the time of flight was 

thus recorded at five or six degree intervals, and a set 

usually consisted of three or four independent readings, 

corresponding to the three or four echoes which could 

usually be read at each temperature. At some temperatures, 

usually 4.2°, 8l° and 300°K, several sets of observations 

were made fifteen or twenty minutes apart. 

After the data points were plotted, smooth curves 

were sketched in, and the round trip times actually used 

in the velocity calculations were read from these smooth 

curves. Spread in the data made it necessary to assign 

probable errors of -0.02, -0,035 and -0.03/^sec to the values 

of the round trip time associated with C-Q, C^, and c12 

respectively. 

3. Change of crystal length and density with temperature. 
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Since the crystal density appears directly in the 

equations for the elastic constants, and the length is 

used in the velocity calculations, any error in these 

quantities will appear in the values of the elastic con¬ 

stants. Two considerations are then in order, the measured 

values of length and density at room temperature, and the 

changes in these quantities with temperature* 

The crystal ends were flat and parallel enough that 

simple micrometer measurements could be made on the specimens 

vfith an accuracy of several ten-thousandths of an inch* 

which error was negligible* These lengths are, at 30Q°K: 

£1,0>0J crystal: 1.2765" * 3*2423 cm. 

£1,1,01 crystal: 1.0930“ « 2*7813 cm. 

The density measurements at 300°K were carried out very 

accurately, with the assistance of Dr. R. B, Turner,* by 

weighing the crystals in several liquids of known density. 

The final value used was: 

pe = 8.5606-0.0030 gm/cm^ 

which gives a negligible probable error of 0.035$. 

In consideration of the changes of length and density, 

it is apparent that the coefficient of linear expansion of 

niobium contains all the necessary information. Data on 

this quantity were available to 70°K, and the curve drawn 

^Chairman, Department of Chemistry, Rice University. 
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from the tabulated data was extrapolated to 4.2°K by 

merely drawing in an estimated form of the curve at lower 

temperatures* Since the total change in length was only 

about 0.15$* and since the constants depend inversely bn 

the volume of the crystal through p0 and directly on the 

2 
square of the length through v , and thus inversely on the 

length, no appreciable error was Introduced by extrapolation 

or reasonable inaccuracies in the expansion coefficient. 

For example, supposing that the expansion coefficient is 

in error by as much as 25$ over the whole temperature range, 

we have at the lowest temperatures a total length error of 

about 0.04$, which we may disregard in comparison with 

previous errors on the order of a few tenths of a percent. 

Another source of error which perhaps deserves mention 

is the occasionally needed readjustment of the time-base 

calibration on the oscilloscope with an accurate time-mark 

generator. The readjustment in this work was carried out 

by checking against the primary 5 Me standard of WWV in 

Washington, D. C. Ho error need be considered to arise 

here, for the deviations from true readings even after the 

calibration were estimated to be no larger than 0.005/<see, 

whereas as stated previously, the limit in reading the 

delay time multiplier is -Q.01//sec. 

4. Estimated Probable errors. 

From the relations between the elastic constants and 
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the velocities of the ultrasonic waves In the crystal, 

it can he seen that small percentage errors in the time 

are carried over as the same percentage errors in the 

velocity and are doubled in the square of the velocity, 

so that c^-and c^ are uncertain to twice the percentage 

error in the times of flight. The error in the times of 

flight arises from the dispersion In the time measurements 

given above under 1., and the binder correction uncertainty. 

The total absolute error is then taken as the root of the 

sum of the squares of the errors from the above two sources, 

and is -0.036//sec and “0.051 //sec for c^^ and c^ 

respectively. Percentage errors then turned out to be 0.6# 

In both cases. 

For c^g, It is necessary to consider the absolute 

2 
errors in 2ptv , ci;L and 2c The root of the sum of the 

squares of these is taken as the probable absolute error, 

and the corresponding percentage error is 3.3#. 

Preliminary data on the binder corrections determined 

in this laboratory also show an uncertainty of to.03// sec, 

so that the estimated probable errors quoted above should 

carry over to the values of the elastic constants altered 

by the new binder corrections. 

E. Results and Discussion. 

The elastic constants of niobium are given in Table I, 



ELASTIC CONSTANTS OF NIOBIUM 

11 2 
Units are those of 10 dynes/cm . 

T( K) C11 c44 C12 

300 24.56 2.930 13.87 
290 24.57 2.931 13.78 
280 24.59 2.931 13.69 
270 24.61 2.932 13.60 
260 24.62 2.934 13.51 
250 24.65 2.937 13*44 
240 24.67 2.938 13*37 
230 24.69 2.941 13.32 
220 24.72 2.944 13*27 
210 24.74 2.948 13.25 
200 24.77 2.952 13.25 
190 24.79 2.958 13.27 
180 24.81 2.964 13.30 
170 24.84 2.970 13.35 
160 24.87 2.976 13*38 
150 24.89 2.982 13*43 
140 24*92 2.989 13.46 
130 24.95 2.997 13.49 
120 24.97 3.008 13.53 
110 25.00 3.020 13.57 
100 25.03 3.033 13.59 

90 25.06 3.045 13.58 
80 25.10 3*055 13*52 
70 25.15 3.066 13.46 
60 25.21 3.075 13.44 
50 25.26 3.083 13.44 
40 25.29 3.089 13.45 
30 25.30 3*094 13.44 
20 25.29 3.096 13.42 
10 25.27 3*097 13.37 

4*2 25*27 3*097 13.32 

TABLE I 



ELASTIC CONSTANTS OF NIOBIUM ,Q"dynes/em* 

0 SO IOO ISO 200 250 300 
*K 

TYPE WAVE DIRECTION RELATION 

LONG. C 1,0,0 3 O
 

n 

TRANS. C 1,0,0 3 C44=/PVT
2 

LONG. Cl,1,0 3 C,2= 2yOVL-(2C44+ C„) 

CONSTANT 
10 " dyne/cma 

c 12 

300°K 4.2°K % CHANGE % ERROR 

24.56 25.27 2.8 0.6 

2.93 3.10 5.6 0.6 

13.87 13.32 
FIGURE II 

4.1 3.3 
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and the curves are graphed in the upper part of Figure II. 

The quantities and behave as expected, as stated 

in the introduction while c-^ shows considerable fluc¬ 

tuation. The probable error in clg is much larger than 

in the other two elastic constants, so too much significance 

should probably not be attached to the smaller variations. 

However, the overall behavior of the curve should certainly 

16 
be reliable, and In fact, Neighbors1 report of the bulk 

modulus 

B . 1/3<CU . 2C12) 

of vanadium, tantalum and palladium shows that there is an 

initial rise in B for these elements, and the same Is true 

using our values of the elastic constants of niobium in 

calculating B for this metal. A plot, normalised to unity, 

is given below. B for niobium at 4.2°K is 17.30 x 10M 

P 
dynes/cm . 

r('K) 

Further, palladium and niobium show a remarkable similarity 

in the variation in B over the entire temperature range. 
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A few observations on quantities of interest, which 

depend on the elastic constants, are in order. First of 

all, the anisotropy factor in a cubic crystal is the ratio 

A 
2 c 

44 
cll- C12 

which is for niobium, 0,548 at 300°K and 0.518 at 4.2°K, 

This differs from most bcc structures in that it is less 

than unity, rather than greater. The Cauchy relation, 

that c12 = 
c44 Is of course, very far from being satisfied, 

as it depends on central forces, which are not good approxi¬ 

mations to the types of binding which occur in metals. 

It is also interesting to recalculate the elastic 

constants of niobium at a few temperatures, using the 

binder corrections of -0,14//sec and -0.19//sec for longi¬ 

tudinal and transverse waves, as determined in this laboratory. 

These values are given below? 

T(°K) ell c44 C12 

300 25.01 2,955 13.87 

250 25*10 2.963 13.44 

200 25,22 2.978 13.25 

150 25.35 3.008 13.43 

100 25,49 3.059 13.59 

The above values differ from the previously tabulated 

values of c^, and c^2 by about 1.8, 0.8 and 2.8$, 
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respectively. This again Indicates the need for further 

study of the binder corrections* 
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II. THERMAL EXPANSION OP NIOBIUM 

A. Experimental Apparatus. 

The method used in measuring the thermal expansion 

of the specimen was that of employing one of the flat 

niobium crystal ends as one plate of a parallel plate 

capacitor, the capacitance of which changes with tempera¬ 

ture due to the length change of the niobium. By using 

this capacitor as part of an electronic circuit, the 

capacitance changes can be detected and related directly 

to changes in length. 

Figure III Illustrates the experimental apparatus. 

The specimen rests on the flat bottom of the inner can, 

within a fused quartz tube having plane parallel ends 

and serving as a support for a lid, which together with 

the crystal end, constitutes the capacitor. An outer can 

encloses the inner can, both of which are of thick-walled 

copper and provide a thermal inertial system which keeps 

thermal gradients from existing in the specimen as its 

temperature changes, and also prevents thermal shock. 

Temperatures are read from a copper-constantin thermocouple 

fastened directly to the specimen. The cryostat is filled 

with helium exchange gas. 

The central core of a double-shielded coaxial cable 

runs from the lid out of the cryostat to a Flelden Proximity 



APPARATUS FOR THERMAL EXPANSION 

FIGURE III 
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Meter, model 951-B*, and the rest of the apparatus is 

at ground potential. The meter is sensitive enough so 

that if the effective plate area were one square inch, 

and the initial spacing 0.01”, displacements on the order 
Q 

of 10" inches could be detected. It was found in our case 

that an initial spacing of about 1.75 mm greatly increased 

stability, while keeping the apparatus sensitive enough 

for our expansion measurements. 

B. Experimental Technique and Procedure. 

1. Theory. 

When the equipment is functioning, there is no way of 

knowing in general what capacitance or plate spacing 

corresponds to a given meter reading, for the meter is 

calibrated in arbitrary units. Some method must then be 

devised for calibrating the meter against changes in plate 

spacing. The meter readings are known to be linear with 

capacitance, and this fact can be used to calibrate the 

Proximity Meter, as the following considerations will show. 

Suppose the quartz tubing has length Loq and some specimen 

has length Lno, at a reference temperature Tn, Then at 

any temperature T we have 

L. f “ Lay L/ 

Z.# = LosCt't' fs(7~—7a)J 

Let the total capacitance at temperature T be written 

*Robertshaw-Fulton Controls Co., Anaheim, California 
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C ~ Co * A (r- T.) 

where CQ is some unknown stray capacitance, assumed con¬ 

stant, A is a constant of proportionality and A(T-T0) is 

the plate spacing at this temperature. Then, since 

A(r-r.) = Lt - u = A(O) + ft(r-T.)Lof - f,(r~r.)Lcs 

we can show 

C — Co + 2xo) ~ [Mo)!]1 7°)LO£ - fc(T- 7i)LozJ 

Now at T=T0, C(0) = CQ +^ , and 

AC « fr(T-To)Lof - f, (r-To)L<* 
' . s. 

where the proportionality constant can he made the same 

for any specimen by making the area of the end and the 

initial spacing between the end and the lid the same. 

Since the meter is a bridge which can be zeroed at T0, 

the meter reading R can be made proportional to AC, and thus 

R = K E ffCT-Te) Loj - fs(r-7a)LaiJ 

2* Calibration of apparatus. 

Assuming we know fq(T-TQ), the above relation enables 

us to calculate fs(T-T0) for niobium If we know It for some 

other substance. This was in fact known to about 1.5$ 

18 
for copper. A copper slug was thus machined to the same 

room temperature length and face area as the niobium specimen, 

and used as the specimen in the cryostat. Values of 

/ , IQ 
fq(T-T0) were also known .with a possible error of as much 

as -50$, which fact is not too disturbing, as the ratio 
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■ftCr- 7*2 ^3 a value of 50 near room temperatures and is 
rf(T—Ti) 

much greater at lower temperatures. Then using the 

expression 

R. = K C-ft(T-To)l0i ~ fs(7~—To)/.«* J 

with copper as the specimen so that the bracketed quantity 

is known, and reading R from the meter, K can be calculated. 

Using niobium as a specimen then with K known gives us the 

function fs(T-T0) for niobium, from which the thermal 

expansion is easily calculated, 

C. Results, Probable Errors and Discussion* 

In this work, values of fs(T-TQ) for niobium were 

computed at ten degree intervals, and from this, average 

values of a were calculated over a series of ten-degree 

ranges from 140°-280°K* The results are shown In Table II. 

No results were obtained beloi'ir 140°K, and reasons for this 

will be discussed in the next section* 

The tabulated values of a are in agreement with 

Erfling's measurements,^ carried out from 283°-70°K, within 

at worst 8.7$ at 140°K, while the rms error of his values 

from ours is 4$. Since Erfling's experiment was carried 

out using a niobium xirire of 98$ purity, a difference in 

results might be expected. Erfling gives no estimate of 

the accuracy of his measurements, 

A thin, strain hardened niobium rod containing about 

1$ tin was used in the measurements performed by Hidnert 



THERMAL EXPANSION OF NIOBIUM 

The quantity oc is » averaged over 10° 

Intervals centered at the given temperature. Units are 

—6 —l 
those of 10 deg 

T(°K) a 

280 7.28 

270 7.17 

260 7.07 

250 6.95 

240 6.83 

230 6.70 

220 6.58 

210 6,44 

200 6.30 

190 6.17 

180 6.02 

170 

C
O

 

in 

160 5.68 

150 5.46 

140 5.20 

TABLE II 
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o 
and Krider, from 300°-140°K. Their results are In ex¬ 

cellent agreement with Erfling’s at room temperatures, but 

are about 17# higher at 140°K. Our results agree well 

with both sets of previous measurements from about 

280°-240°K, but are lower than Erfling’s, and considerably 

lower than Hidnert and Krider's at 140°K. 

The temperature range of interest In this work was 

actually 80°-4.2°K, and thus only a few measurements were 

carried out in the higher temperature region 140°-28Q°K, 

where results were obtainable. For this reason, an esti¬ 

mation of the accuracy of the results Is difficult. However, 

examination of the internal consistency of the data taken 

in this lab indicates a probable error in our measurements 

of 2.5#. 

D. Measurements at Lower Temperatures. 

Using the capacitance method, attempts to take meter 

readings at temperatures much lower than 140°K resulted in 

failure. In carrying out the measurements, the bridge had 

been balanced at room temperatures, and the temperature 

lowered to 4.2°K. In the region of 80®K, the meter reading 

reached a maximum and began to decrease, then reached a 

minimum and began to rise again. This behavior occurred 

several times, both for the niobium and copper specimens. 

Another approach was tried, this being to zero the 

bridge at 80°K, and proceed with the transfer of liquid 
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helium into the cryostat. In this instance, the meter 

behavior was so erratic that it was not possible to take 

readings. 

A third method was to complete the liquid helium 

transfer, zero the bridge and take readings as the specimen 

warmed. Here, the meter rose very rapidly before there 

was any indication of a temperature change, began to drop 

about 40°K, exhibited unexplainable fluctuations, and came 

to rest as the system approached liquid air temperatures. 

The only explanations for the characteristics observed 

in this region, barring a completely unexpected behavior 

of the niobium, copper or quartz, are either that the small 

amount of air which the crude pumping system was unable to 

remove from the cryostat had condensed on the capacitor 

plates or caused a change In the dielectric constant, or 

that the helium exchange gas used in the cryostat had 

changed density appreciably and likewise brought about a 

change in dielectric constant. To eliminate these possi¬ 

bilities in future work using the capacitance method would 

require a new cryostat design and better pumping system, 

to provide for evacuation of the inner can housing the 

specimen. 
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