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ACTIVATION ENERGIES FOR IMPURITIES IN VANADIUM 

FROM MEASUREMENTS OF INTERNAL FRICTION 

Introduction 

The capacity of a vibrating solid to convert its 

mechanical energy of vibration into heat is called in- 

ternal friction. Its most common manifestation is the 

damping effect which causes loss in vibration amplitude 

of a freely vibrating solid. The damping is a result 

of the anelastic behaviour of materials. This is a 

property of a solid in virtue of which stress and strain 

are not uniquely related in the elastic range. Measure- 

ment of internal friction has been of wide engineering 

interest as regards the various dynamical properties of 

metals. In the last twenty years a wide variety of 

work in this field has been reported. The study of in- 

ternal friction has proved itself to be a very useful 

tool in the investigation of the internal structure and 

atomic movements in crystalline solids due to its high 

sensitivity to the presence of physical imperfections 

and chemical impurities in solids. 

In a vibrating body if the oscillatory stress and 

strain are always in phase with each other there is no 

dissipation of mechanical energy and the internal fric- 

tion is zero. This would be true for an ideally elastic 

solid but no real metal is such. In terms of the 

stress strain diagram for a perfectly elastic material 



the stress strain curve is a straight line. The an- 

elastic behavior of real materials (Zener, 35, pp. 1-170) 

leads to a hysteresis loop in the stress strain diagram 

which means a loss of energy of vibration due to some 

irreversible process between loading and unloading. The 

area of the hysteresis loop formed is the energy loss 

per unit volume per cycle. The fractional loss in the 

energy constitutes the fundamental measure of internal 

friction and is usually a small quantity for metals. 

Internal friction is usually measured by observing 

either the logarithmic decrement,, of free vibration 

or the width of the resonance peak for a specimen driven 

in forced vibration. In the latter case the internal 

friction is expressed in terms of a Q factor such that 

(1) 

where f1 is the resonant frequency in forced vibration 

and f1 
1 
and are the frequencies at which the amplitude 

of vibration falls to 1/12 of the amplitude at resonance. 

A close correspondence exists between the two meas- 

ures of internal friction, and Q71, and has been derived 

by Zener (34, pp. 1022 -1025) for cases in which the 

damping loss is of periodic nature. For practical pur- 

poses, if the damping is small, there exists a relation- 

ship of the form 

2 

Q-1 
f. 2 - 

fo 

f2 



c-1 b AW = 
2 W (2) 

3 

where 0 W is the loss in vibrational energy per cycle 

and W is the vibrational energy. 

Nowick (19, p. 12) has pointed out that the use of 

-1 as a measure of internal friction is to be restricted 

to the case where there is no large dependence of inter- 

nal friction upon strain amplitude. In view of this re- 

striction in the use of -1 as the measure of internal 

friction in the presence of appreciable amplitude depend- 

ence it was considered necessary to make some comparative 

measurements of the decrement, S, , and of Q -1 over the 

range of strain amplitude covered in the present investi- 

gation. Details concerning this measurement are included 

in a later chapter. It was found that within the accu- 

racy of experimental errors involved the values of Q -1 

and b/1 come out to be about the same. 

The observation of internal friction is accompanied 

by another related phenomenon called the modulus defect 

or the AM effect. One necessary criterion of any theory 

of internal friction is that it should also yield an ex- 

pression for the observed modulus defect. The basic 

approach to this problem has been to assume that in a 

vibrating body the total strain at any instant is the 

sum of an elastic and a plastic strain. 
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total = elastic + 
E plastic (3) 

Thus for any given stress the instantaneous value of the 

strain is greater than it would be in an elastic solid, 

by an amount equal to the plastic strain so that the 

apparent value of the modulus is reduced. The elastic 

component of the strain is always in phase with the 

stress, also the plastic component of strain, E , at 

any instant would have a component, E 
Il 

, which is in 

phase and another component, E , which is out of 

phase with the stress. The internal friction effect is 

due to the component which is out of phase with the 

stress. Thus it can be seen that internal friction and 

modulus defect are given by the relations 

tan cp = Epl p. 

r, 

Am = Epl / ' 

Ils 

(4) 

(4') 

where 0 is the phase lag angle, M is the modulus of 

elasticity and AM is the decrease in modulus. 

The phase lag angle, , usually very small, has 

been as well used as a measure of internal friction such 

that 

clo ti tan 4 = 1/Q (5) 

E E 

If 

15 



Several sources of internal friction have been known 

and extensivly studied. Thus when any internal fric- 

tion behaviour is observed more than one of these proc- 

esses could be contributing independently. Study of 

internal friction due to any one particular process has 

to be made after necessary corrections have been made to 

the contribution by other processes. 

The various mechanisms which are responsible for 

internal friction effects could be broadly divided into 

four general categories: relaxation mechanisms, damped 

resonance mechanisms, hysteretic mechanisms and viscous 

damping mechanisms. The former two mechanisms, relaxa- 

tion and damped resonance, are very similar and trans- 

form continuously into each other. Not much is yet 

known about the viscous damping mechanism. The basic 

characteristic common to these three mechanisms is that 

the resulting internal friction behaviour is frequency 

dependent and amplitude independent. Damping due to 

hysteretic mechanism is always independent of vibration 

frequency and dependent on amplitude. A study of the 

amplitude dependence of internal friction is thus pri- 

marily concerned with the hysteretic processes taking 

place in the speci:den. 

Some relaxation processes which bear importance 

in the present investigation are the thermoelastic 

effect, the grain boundary relaxation and the 

. 
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stress -induced ordering effect (Snoek damping). 

Detailed theoretical study of the thermoelastic 

effect has been presented by Zener (33, pp. 90 -99). In 

a vibrating body if the stress is not homogeneous differ- 

ent regions undergo different changes in temperature cor- 

responding to the differences in the amounts of compression 

and expansion throughout the body. This results in a 

temperature gradient. The subsequent flow of heat which 

is accompanied by an increase in entropy and a dissipa- 

tion of energy gives rise to internal friction. The 

internal friction due to this effect becomes appreciable 

for the case of reeds vibrating transversely, in which 

the regions of opposite stress are separated by a small 

distance. The magnitude of the contribution due to this 

effect in the present case has been calculated from the 

expression by Zener. 

In polycrystalline materials the neighboring grains 

have differnt orientations, so that an applied stress 

produces different temperature changes in each grain. 

This causes a thermal current across the grain bound- 

aries which gives rise to internal friction. The fre- 

quency at which the relaxation peak due to this effect 

occurs is a function of the grain size which in turn is 

determined by the annealing conditions. Zener (33, pp. 

90 -99) has also derived an expression for the contribu- 

tion of internal friction due to this effect. A 
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calculation of the internal friction due to this effect 

has been made for the present case. 

In metals having centered cubic lattice or 

structures of lesser symmetry impurity atoms in inter- 

stitial positions have preferential positions. In the 

unstressed condition the impurity atoms are distributed 

randomly. On the application of an external stress the 

position for which the axis of tetragonality due to the 

impurity atom complies best with the field of the stress 

represents the least free energy. The redistribution of 

the impurity atoms gives rise to internal friction due 

to elastic after -effects. Relaxation peaks due to this 

effect were first observed by Snuek (25, pp. 711 -732) 

in d - iron containing carbon or nitrogen as impurity. 

Powers (21, pp. 604 -607) has observed relaxation peaks 

due to oxygen and nitrogen dissolved interstitially in 

vanadium within the temperature range 150° to 300 °C at 

frequencies of the order of one cycle per second. 

By far the most important single factor which ac- 

counts for a wide variety of internal friction phenomena 

is the motion of dislocations. Dislocations are a type 

of imperfections, called line imperfections, in a 

crystalline substance as apart from the point imperfec- 

tions in the parent crystal lattice such as vacancies 

and foreign atoms occupying interstitial and suostitu- 

tional lattice positions. Dislocations are produced due 

.ti 
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to slip over a part of a slip plane. The boundary line 

within the crystal of the slipped area defines the dis- 

location line. Dislocations are of two types: The 

edge dislocation and the screw dislocation. The edge 

dislocation has the slip vector (or the Burger's vector) 

normal to the dislocation line along the slip surface 

and the screw dislocation has the slip vector along the 

dislocation line itself. 

Mobile dislocations as a source of damping in metals 

was first suggested by Read (22, pp. 3 71 -380). An excel- 

lent review of the work reported on dislocation damping 

in metals has been presented by Niblett and ;bilks (18, 

pp. 1 -88). A fuller treatment of internal friction and 

other phenomena originating from the presences of imper- 

fections in crystals is to be found in Van Buren (30). 

The study of the dependence of internal friction on 

strain amplitude of vibration is concerned exclusively 

with the motion of dislocations in the presence of the 

stress fields due to other imperfections, especially 

impurity atoms, in the specimen. The present investi- 

gation is concerned with the study of possible variation 

in the energy of interaction between the dislocations 

and impurity atoms with different densities of disloca- 

tions and impurity concentrations present in the speci- 

men. Specifically it is concerned with the interaction 
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energy of impurities of hafnium with dislocations in 

reeds of vanadium. 
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GRANATO -LUCKE THEORY OF INI`rENAL FRICTION 

The most successful theory developed to date to 

account for the internal friction arising from the motion 

of dislocations is the theory originally proposed by 

Koehler (14, pp. 197 -218) and further developed by Granato 

and Lücke (8, pp. 583 -593; 9, pp. 789 -805). The model used 

in the theory is the motion of dislocation in the stress 

field of impurities and ultimate breakaway from the im- 

purities at higher stress amplitudes. The essential 

feature of the theory is that dislocations move both 

viscously and hyst :retically. The theory leads to 1) a 

damping component resulting from the viscous motion which 

is dependent on the frequency but independent of the 

amplitude of vibration, and 2) a damping component re- 

sulting from the hysteretic motion which is frequency 

independent and increases exponentially with increasing 

stress amplitude. 

The model defines two characteristic lengths of 

dislocations in a solid: the network length, Ln, and 

the average length, Lc. The dislocations in a crystal- 

line solid constitute a network of dislocations inter- 

secting at nodal points. The average distance between 

nodal points is defined as the network length. The 

dislocations are very strongly bound at these points. 

Impurity atoms, distributed randomly in the bulk 
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of the material are located more along (and around) 

the dislocation sites to which they are attracted. These 

impurity atoms pin the dislocations at points between the 

nodal points. The average length of the dislocations 

between two impurity pinning points is defined as the 

average length, Lc . Unless the specimen is extremely 

pure the impurity pinning points are more frequent than 

the network pinning points, ie, Lc < Ln. Also the 

pinning force at the impurity points is much smaller than 

that at the nodal points. 

When an external stress is applied there is present, 

in addition to the elastic strain, a dislocation strain 

which is in general a function of the frequency. This 

results in a frequency dependent and amplitude indepen- 

dent damping due to the oscillatory bowing out of the 

dislocation lengths between the impurity pinning points 

in the stress field of the impurities. As the stress is 

increased the dislocation segments start breaking away 

from the impurity pinning points. This occurs when the 

line tension on the dislocation becomes greater than the 

pinning force. It is the longest dislocation segment 

which breaks away first which results in further increased 

free lengths and the breakaway process becomes cata- 

strophic. The motion of the dislocation, once the break- 

away process gets started, becomes hysteretic and thus 

irreversible. The internal friction resulting from this 



12 

breakaway mechanism is frequency independent because it 

is hysteretic. It is thus also amplitude dependent. 

Once the dislocation has been freed from the impurity 

pinning points the free length becomes equal to the 

network length and there would be no more breakaway. 

Granato and Lücke make use of two simplifying 

assumptions: 

1. The average network length, Ln, is a 

constant for a specimen. 

2. The distribution of impurities along 

the dislocation sites is random so that 

the number of dislocation segments, N(1) 

with lengths between 1 and 1 + dl is 

given by the distribution as proposed by 

Koehler. 

A -1 
N(1) dl = -- e 

/L 
dl (6) 

where A is the dislocation density and L is the mean 

length of the segments. 

Following the model of the damped vibrations of a 

stretched string Granato and Lücke obtained expressions 

for the viscous component of the decrement and the 

accompanying modulus defect (for an edge dislocation). 

This turns out to be frequency dependent and independent 

of strain amplitude. The theory also predicted that the 
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amplitude independent damping and the associated modulus 

defect would vary inversely as the fourth power and as 

the square respectively of the impurity concentration in 

the sample. 

Experiments performed by Thompson and Holmes (28, 

pp. 191-192; 29, pp. 713 -723) with very pure copper 

single crystals seem to verify this form of dependence 

on the impurity concentration. But this does not seem 

to be true for larger impurity content. There has to 

be a weaker dependence on impurity concentration 

(Takahashi 27, pp. 1253 -1261) otherwise it would call 

for a very low damping for dilute alloys. 

The predicted frequency dependence for amplitude 

independent component also was found to agree well with 

data available in the ultrasonic frequency range but at 

frequencies below 10 4 cycles per second there seems to 

be present very weak or no dependence on frequency at 

all. Very recently Swartz and Weertman (26, pp. 1860- 

1868) have proposed a modification to the Koehler- 

Granato -Lucke theory which is supposed to agree to the 

available data better with the modified theory. 

AMPLITUDE DEPENDENT INTERNAL FRICTION 

By far the most important is the amplitude depend- 

ent component of damping due to dislocation hysteresis. 

Granato and Lucke theory leads to a frequency independent 



strain amplitude dependent component of the decrement 

and the modulus defect given by 

and 

ìL ,-c2/6 
d 

where E is the maximum strain amplitude and C1 and C2 

are parameters given by 

where 

and 

% n 
C 
1 

= 2 Si L ,bsE) ) 
bsE 2 

L 
c 

3 

2 ( F 
C2 = Ti bsE) Le 

1-or A= 4 c-is Poisson's ratio 

(9') 

b = Burgers vector 

s = the resolved shear stress factor 

n= the orientation factor 
F is the maximum binding force between the 

point defect and a dislocation 

E is Young's modulus along slip direction. 

The fact that there is a gradual variation in the value 

of the maximum strain amplitude along the length of a 

= 
E 

1 

(9) 

14 

cSd J M Md = 

(7) 

(8) 
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vibrating body is taken care of by putting a factor E 

instead of E in the coefficient term. 

Analysis of the amplitude dependence of damping 

according to this theory rests fundamentally on a further 

assumption that the two components of damping are addi- 

tive quantities, so that the amplitude dependent compo- 

nent of the observed internal friction is obtained in 

the form 

Qdl 
= 

-1- Qil (10) 

The amplitude independent component has to be obtained 

by extrapolating the plot of Q 
-1 

versus strain amplitude 

to zero strain amplitude. 

The adoption of the above measure is more for the 

sake of convenience in analysing the data. There are 

indications that the problem of separating the two com- 

ponents is more complicated. As Filmer, et al. (6, pp. 

250 -255) have indicated some of their measurements with 

aluminum give decrements which may be resolved into two 

components such that taking 

i1 
= A + BE. 

Qdl, the amplitude dependent component, gives good 

d i 
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agreement with Granato and Lucke theory over a greater 

range of strain amplitudes, otherwise, as is most 

usually the case, plots of In (QdEl) versus E-1 

deviate from linearity at lower amplitudes. However no 

justification is available for this method of separation 

of the two components; besides the procedure becomes 

quite complex. 

The nature of amplitude dependent internal friction 

as predicted by theory has been amply verified, although 

in almost all cases the observed dependence approaches 

the theoretical dependence only over larger values of 

strain amplitude. There are though some observed ampli- 

tude dependences which the theory fails to account for. 

Takahashi (27, pp. 1253 -1261) found that for 

polycrystalline copper containing up to one percent Zinc 

or phosphorus the amplitude dependent internal friction 

could be represented by a relation of the form 

e 

where the value of the parameter a increased with the 

concentration of impurity atoms. 

Another form of amplitude dependence at low strain 

amplitude has also been observed. Kamentaky (13,pp. 1- 

126) with copper single crystals and Hiki (10, pp. 1138- 

1 
d 
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1144; 11, pp. 590 -596) with lead single crystals obtained 

a decrease in internal friction in the range of lower 

strain amplitudes. The same sort of behaviour was also 

observed in the present investigation. Such a reverse 

amplitude dependence at lower amplitude makes the extra- 

polation of the Q-1 versus a plot very difficult and 

thus causes uncertainty in the determination of the 

amplitude independent internal friction. 

For temperatures of measurement above a certain 

value, which Hiki calls a critical temperature, he 

observed only a continuous decrease in internal friction 

with strain amplitude over the entire range covered. 

Kamentsky and Hiki both assign this behaviour, the de- 

crease in internal friction at lower amplitudes, to be 

due to the formation of jogs as apart from the dislocation 

breakaway process. A jog is formed when a dislocation 

line contained in an active slip plane moves across an 

intersecting dislocation line contained in another slip 

plane. The activation energy for jog formation is given 

by Cottrell (2, p. 174) 

U(cr) = b3 - o- lb2 (11) 

where o(? b3 (with a N l) is the self- energy of a piece of 

dislocation of one atom length, 4 is the modulus and b 

is the Burger's vector, and -lb2 is the work done by the 

d, 
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stress, , in moving the dislocation across a row of 

intersection dislocations with a mean spacing 1. 

INTERACTION OF DISLOCATIONS WITH IMPURITIES 

The amplitude dependent internal friction is basi- 

cally a result of the interaction of dislocations with 

the impurities around them. The breakaway stress is 

strictly determined by the force with which a disloca- 

tion is pinned. Another way of looking at this mechanism 

is the stress field which is produced by the presence of 

an impurity atom of dimensions different from these of 

the solvent atoms. Such impurity atoms placed near a 

dislocation result in an interaction between the stress 

field due to the dislocation and that due to the impurity 

atom. The extent of the interaction between the two 

fields is defined by the activation energy for the process 

of dislocation breakaway. 

Cottrell (2, pp. 55 -56) has derived an expression 

for the energy of interaction between an impurity atom 

and an edge dislocation. The basis of his method is to 

calculate the change in the hydrostatic pressure of the 

stress field which is introduced when a solvent atom of 

radius r is replaced by a solute atom of radius r'. 

Cottrell and Bilby (3, pp. 49 -61) have made a correction 

(to the expression by Cottrell) by considering the change 

in the field carried by the dislocation as well. The 
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Cottrell and Bilby expression for the activation energy, 

U, for the solute atom is 

U b E' r3 
SinO 

4 

A sine s 
R 

:; ,... 

where /4 is the shear modulus, b the Burger's vector, E' 

the misfit factor defined as 

r _ r'-r 
E - r 

and 0 and R are the polar coordinates of the impurity 

atom with 0 =0 lying along the direction of the Burger's 

vector. 

If the stress field produced by the solute atom is 

spherically symmetrical it interacts with an edge type 

dislocation only. But if the stress field is not spher- 

ically symmetrical, shear stress thus present, it inter- 

acts with a screw type dislocation as well. Crussard 

(4, pp. 203 -206) after considering the interaction between 

shear stresses and strains of dislocation and impurity 

atom in body -centered cubic metals found that the inter- 

action energy with screw dislocation is about as large 

as with edge dislocation. 

Thus in general the force that pins a dislocation 
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is non -central and has components which are shear and 

hydrostatic in nature. The pinning force is given by 

F 

where x is in the direction along which dislocation is 

displaced when bowed out. 

Of interest at this point is also the work done by 

Weertman and Salkovitz (31, pp. 1 -9) on lead single 

crystals containing up to one percent of bismuth,tin or 

cadmium. They found that the critical stress at break- 

away is quite sensitive to the impurity concentration and 

the type of impurity and is in good agreement with Mott's 

(17, p. 173) formula for breakaway stress, 

b = O.l5,4 E'G (14) 

where cis the impurity concentration and c' the misfit 

factor. 

The temperature dependence of the breakaway stress 

could be assigned an apparent activation energy. Their 

results also gave good agreement with the strain ampli- 

tude dependence according to the Granato and Lucke theory 

which predicts an increase in the slope of the plots of 

In (Qdi6) versus E -1 with an increase of impurity 

. 

= 
Ò0 
a 

(13) 



concentration. The parameter C, in the Granato -Lucke 
6:a 

theory, being determined by 1 /Lc is proportional to the 

impurity concentration. 

The equilibrium concentration of impurities at any 

temperature is reached through the process of diffusion. 

When equilibrium condition has been reached the concen- 

tration of impurities at a point where the activation 

energy is H, is given by 

HAT C2 
2 

= C (15) 

where C 
0 

is the average concentration of the impurity 

in the bulk. 

The rate of diffusion upon which depends how soon 

equilibrium is reached at a certain temperature may also 

be dependent upon the density of dislocations. 

From the above temperature dependence of the para- 

meter C2 as obtained from Granato -Lucke plots for the 

amplitude dependent components the activation energy for 

the impurities could be obtained. 

The aim of the present investigation is to study 

how the activation energy varies with the concentration 

of impurities in the solid, and with the density of 

dislocations which can be increased by prior cold -work- 

ing of the metal. Any such dependence on these quanti- 

ties would mean a change due to the dependence of the 

21 
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physical entities involved in the expression for U . One 

such factor is the modulus,. , itself. The other two 

quantities which could have varied are the average value 

of the polar coordinates R and 0 . There is no way of 

foreseeing how these would be affected, except to say 

that any such dependence could as well be due to a 

change in the relative distribution of impurities with 

respect to the dislocations. 

The average length, Lc, being a constant for any 

equilibrium state, the parameter C1 obtained as the 

intercept from Granato -Lücke plot could be used as a 

measure of the dislocation density in the specimen. 

MODIFICATION OF KOEHLER- GRANATO -LUCKE THEORY 

Very recently Swartz and ' Weertman (26, pp. 1860- 

1868) have put forward an argument that the apparent 

frequency independence of the amplitude independent 

component of damping in the range of frequencies below 

104 cycles per second, and the departure of the ampli- 

tude dependent component from the theoretical behaviour 

at lower amplitudes suggest that the amplitude indepen- 

dent component could as well be a hysteretic type of 

damping rather than a viscous one. 

Swartz and Weertman have thus proposed a modification 

of Koehler -Granato -Lucke theory which leads to the theo- 

retical amplitude dependence at larger amplitudes but at 
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lower amplitudes the amplitude dependence becomes differ- 

ent for the two special cases which could be present in 

the specimen. The proposed modification consists of two 

basic assumptions: 

1. The pinning force of the impurity atoms depend 

on the orientation of the dislocation line. In the same 

way there exist some impurity stress fields which inter- 

act only with edge dislocations, while there are others 

which interact with both edge and screw type dislocations. 

2. The motion of a broken -away dislocation segment 

can be limited either by the line tension in the segment 

(the only case in Granato -Lücke theory) or by the stress 

field of the neighbouring impurity atoms. 

The limiting process effective in one particular 

specimen is the one which gives the lower value of the 

average distance through which a dislocation moves dur- 

ing breakaway. The same limiting process also leads to 

a smaller value of damping. 

Swartz and Weertman have derived general expressions 

for the damping for the two limiting processes separately. 

At larger amplitudes both the limiting processes yield the 

same form of amplitude dependence as in Granato -Lücke 

theory, but when approximated to lower strain amplitudes 

the amplitude dependence become different. The line - 

tension controlled damping increases linearly with strain 

amplitude at low amplitudes, while the impurity- spacing 
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controlled damping is independent of strain amplitude. 

As a result the internal friction versus strain ampli- 

tude curve for the impurity -spacing controlled process 

is flatter over some range of lower strain amplitudes, 

with a steeper rise with amplitude at low amplitudes 

and at high amplitudes. 

The impurity controlled process bears out to be of 

special interest in the case of metals having body - 

centered cubic lattice structure. An interstitial im- 

purity atom in this lattice can interact with both edge 

and screw type dislocations while a substitutional im- 

purity atom does not interact with screw dislocations at 

all and the interaction with an edge dislocation is also 

small. An edge dislocation which has broken away from 

a substitutional impurity atom can still be pinned by 

the interstitial impurity atoms over a further range of 

strain amplitudes. 

Another possible picture for the pinning of both 

edge and screw type dislocation is the formation of 

di-impurities which result in a non -spherically symmet- 

rical stress field. This calls for a large concentration 

of such di- impurities such that the effective average 

length, L,, is less than the network length, Ln. 
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APPARATUS 

The apparatus used in this investigation was essen- 

tially the same as designed by Jewell (12, pp. 1 -109). 

Slight modifications had been made on the same by 

O'Halloran (20, pp. 8 -16), Larson (15, pp. 10 -15) and 

Falk (5, pp. 6 -10). A detailed account of the apparatus 

is to be found in the thesis of the above mentioned 

authors. Apart from some minor repairs in the electri- 

cal system, the only modification made in the apparatus 

for the work of this thesis was in adapting the vacuum 

chamber to be used at higher temperature. In figures 

1 and 2 are shown the complete arrangement for the 

measurement of Q -1. 

In brief, the apparatus consisted of three essential 

component systems: an electrical system providing a 

driving voltage at aid near the resonant frequency of the 

reed; an optical system which provided the means of 

measuring the amplitude of vibration of the reed; and, 

a vacuum chamber containing the reed and also serving 

as a furnace to raise the reed to different elevated 

steady temperatures. 

A precision frequency meter was used as a frequency 

generator. The output of the frequency meter after 

amplification was fed into a bank of scalers each stage 

of which divided the frequency of the input by two. The 
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output of the twelfth scaler provided the desired fre- 

quency range 49 to 98 cycles per second. By varying the 

dial setting of the frequency meter a frequency range of 

one octave could be obtained on the output of any scaler 

stage. Actually the range was lower due to some discon- 

tinuities at certain frequency meter dial positions, as 

had also been reported by earlier workers using the same 

frequency meter. It was thus necessary to limit the de- 

sired frequencies within a narrower range. The fre- 

quency range which actually came to be used was from 

about 70 to 85 cycles per second. 

The output of the scaler was then integrated to ob- 

tain a sinusoidal output which after amplification was 

fed into the coils of a symmetrical transducer used to 

excite the reed. A portion of the output of the scaler 

was used to drive a stroboscopic light source through a 

time delay circuit which served to make the Strobotac 

lamp flash at any desired instant during the cycle of 

vibration of the reed. The strobotac lamp, with the help 

of a vertical illuminator, was used to elluminate the end 

face of the reed through a glass window. A microscope 

holds the vertical illuminator and is fitted with a filar 

eyepiece which enabled the measurement of the displacement 

of the end of the reed from its rest position. 

The reed itself was fixed between a set of jaws 

attached to a heavier block of lead. This block was 
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mounted on a pair of rails such that the face of the 

reed at the free end lies very near the glass window. 

The free end of the reed was placed symmetrically be- 

tween the poles of the symmetrical transducer electro- 

magnet. The transducer also consisted of a pair of small 

alnico magnets placed in the same plane as the electro- 

magnet with the north poles turned towards the gap in the 

electromagnet. 

A cylindrical jacket made out of brass comprised 

also the rear end of the vacuum chamber. The reed was 

set to vibrate in vacuum to remove air damping and also 

to minimize absorption of gases by the reed at elevated 

temperatures. The rear end face of the cylindrical 

jacket carried an outlet to be connected to the pumping 

system and a narrow groove which extended about half the 

length of the cylindrical chamber along the axis. The 

temperature of the chamber was measured with a thermometer 

thrust into the goove. Heating coils were wound around 

the cylindrical jacket on the outside with fibre glass 

insulation and were connected to the output of an auto - 

transformer control. An ammeter put in series with the 

heating coils helped in maintaining a steady current 

through the coils while heating. Preliminary runs were 

made to calibrate the variac dial settings for steady 

temperatures of the vacuum furnace. 
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It was necessary to check whether the steady tem- 

perature measured at the goove was the same as near the 

front end of the chamber where the reed was to be lo- 

cated. For this another thermometer was inserted 

through the opening for the glass window at the front 

end, the opening was then vacuum sealed and the chamber 

was allowed to heat up to steady temperatures correspond- 

ing to different variac dial sttings. It was found that 

when a steady temperature condition was reached, the 

temperatures as read on the two thermometers always 

checked within one degree centigrade. This device made 

the procedure of measuring temperatures of the chamber 

comparatively more convenient than it would be by in- 

serting thermocouple junctions inside the chamber at 

various positions. 
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PREPARATION OF THE REEDS 

Samples of vanadium and vanadium containing 1.0, 

1.5 and 2.0 atomic percent hafnium were furnished by the 

U.S. Bureau of Mines, Albany, Oregon. The vanadium metal 

obtained was the purest available and had the following 

impurity analysis (in parts per million) : 

On 260 Fe 17 

N, 50 Cr 96 

C 270 Mn 550 

Ni 300 

Total impurity content: 0.154 percent. 

All samples were supplied in hot -rolled strips of 

thickness 10 mil. Strips of width about a quarter inch 

then were cut from the original sheets for use as reeds. 

Preliminary runs were made with one reed of each 

sample to determine the length of each so that all the 

reeds had about the same resonant frequency. Then two 

reeds were cut out from the sample for each measurement 

of internal friction. One point had been overlooked how- 

ever. The reeds as cut had been heavily cold worked 

during hot -rolling. After annealing, the resonant fre- 

quency of the reeds were shifted to higher values. The 

resonant frequency of the reeds were thus found to vary 
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with each subsequent cold -working, but the amount of 

shift was small enough to keep the resonant frequency 

range within safe limits of the frequency meter dial 

setting. 

The reeds were brought to the desired lengths by 

filing while they had been placed between two heavy 

steel blocks to prevent accidental warping as well as 

to insure plane end faces normal to their lengths. The 

reeds were than honed. Scribe lines were made on the 

reeds to be able to duplicate the same free length of the 

reeds for each mounting. Small coded marks were made on 

each reed to identify them. 

It was found helpful to leave the face at the free 

end slightly rough so that it would provide some ready 

reference points while being viewed through the micro- 

scope. After honing, an extra smooth sand -cloth was 

lightly rubbed against the end face along the width of 

the reed. This provided good reference lines which 

matched well with the width of the hair -line in the 

filar eye -piece. 

Annealing of the reed 

Recrystallisation of cold -worked vanadium has been 

found to take place within the temperature range 800° to 

1000° C irrespective of the purity of the metal (Rostoker 

23, p. 72). The set up which had been also used by other 
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workers could not be adapted readily to the conditions 

of high temperature and high vacuum. Annealing of the 

reeds could be done in the set up which was fortunately 

available at the Bureau of Mines,. 

In order to simplify the procedure it was decided 

to anneal all eight sample reeds at the same time. 

After a set of measurements had been carried out on all 

the reeds they were again sent for annealing before 

another set of measurements was undertaken. No tests 

were made to ascertain as to how much the aging after 

annealing could affect the internal friction measurements. 

Therefore it was considered desirable to carry out meas- 

urements on the reeds in the same order for each set of 

measurements. 

The process of annealing took about 6 hours. The 

reeds were placed edgewise in a tray along with some 

zirconium alloy turnings as getters and placed 

inside the vacuum furnace. After the pressure had 

reached a value below 0.1 micron the heating was started 

slowly in steps to avoid pressure build -up due to out- 

gassing. The pressure rose up to 50 microns when the 

temperature was about 150 °C. All at temperatures above 

200 °C the pressure was kept steadily below 0.1 micron. 

It took about 3 to 314 hours to reach a steady temperature 

925 °C at which the reeds were kept for one hour. The 

furnace was then shut off and the reeds were allowed to 
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cool down in the furnace in vacuum. The smallest waiting 

time for the first reed was about 24 to 36 hours after 

annealing. 

Cold -working of the reeds 

One set of measurements was carried out on the 

reeds just after annealing. After having annealed the 

reeds again each reed was subjected to cold -working just 

prior to its mounting and measurement. This procedure 

was followed for each cold -working. 

The reeds were cold -worked with the Baldwin Testing 

Machine located in the mechanical engineering laboratory. 

The maximum force available with the machine was 60,000 

lbs. The reeds were cold worked at different times with 

forces of 10,000, 20,000, 40,000, and 58,000 lbs. The 

maximum amount of cold- working converts to a pressure of 

3.52 x 104 pounds per square inch. 

The reed to be cold- worked was placed between the 

faces of two blocks of steel which had one face of each 

precision ground to 0.001 inch. The reed was centered 

on the machine which had a swivel head fitted to decrease 

the possibility of bevelling the reed during cold- working. 

The pressure build -up took about 30 seconds and then the 

reed was kept under the desired constant pressure for one 

minute by adjusting the controls of the machine. The 

pressure was then allowed to drop slowly over the next 
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15 seconds. The reed was then carried over to the physics 

department and mounted for a set of measurements of inter- 

nal friction. The first measurement in the set of runs 

got started after an interval of one to two hours. 

Vanadium has been found to cold -work very slowly, 

irrespective of purity (Rostoker 23, p. 72). The dimen- 

sions of the reeds were checked after each cold -working. 

There was observed a reduction in the thickness of the 

reed due to cold -working. Finally the thickness of the 

reeds was found to be reduced by about 15 percent from 

its initial value. 

Conversion of the displacement of the end of the 

reed to the corresponding value of strain amplitude in 

absolute units was carried out for each set of measure- 

ment separately for each reed. There was however a 

comparatively smaller shift in the resonant frequency 

which probably was due to the overall effect of the 

factors affecting resonant frequency. The largest shift 

in resonant frequency was about 9 cycles per second and 

was fortunately within the reliable frequency range in 

the frequency meter. 
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METHOD OF MEASURING INTERNAL FRICTION 

Basically the method of measuring internal friction 

with the apparatus described consists in determining the 

resonant frequency of the reed, the maximum displacement 

of the end of the reed at resonant frequency and then 

the upper and the lower frequencies corresponding to the 

half =power amplitude of vibration of the reed. The dif- 

ference between the two half -power frequencies, also 

called the width of the resonance peak, divided by the 

.-1 
resonant frequency gives the internal friction, Q for 

the reed at the strain amplitude corresponding to the 

maximum displacement of the reed at resonant frequency. 

After the reed had been mounted the vacuum chamber 

was evacuated for abort an hour after which interval the 

conditions became steady. The pressure in the chamber 

was then reduced to less than 3 microns of mercury. The 

electrical apparatus was also allowed to warm up at least 

for one hour before any measurement was made. This was 

considered advisable for the stability as well as relia- 

bility of the entire system, especially the Strobotac 

circuit. 

At the onset of each set of measurements some time 

had to be spent to choose a good reference point on the 

end of the reed such that its position could be ascer- 

tained to within half a circular scale division of the 
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filar eye -piece micrometer. This corresponds to a refer- 

ence point whose width is about the same as that of the 

hairline of the eye- piece. For each run the rest posi- 

tion of the reference point was checked to see whether 

there was any shifting while the microscope was being 

handled. The microscope used was a vertical reading 

microscope adapted to horizontal observation. A bracket 

attached rigidly to fixed supports was used to prevent 

any bodily movement of the microscope. Even then it was 

necessary to handle the microscope very carefully during 

measurement. 

A small driving; voltage was then put across the 

transducer and the position on the frequency meter dial 

was obtained for which the reference point had a maximum 

displacement from its rest position. The Strobotac time 

delay control had to be varied simultaneously to obtain 

the maximum displacement. The maximum displacement as 

read in units of the eye -piece micrometer divisions was 

multiplied by the factor 0.707 to give the half -power 

amplitude. The hairline was then shifted to the position 

corresponding to the half -power displacement. The fre- 

quency meter dial position was moved slowly in one direc- 

tion, while simultaneously adjusting the time delay con- 

trol, until the frequency was obtained for which the 

maximum displacement of the reference point coincided 

with the position of the hair line. The frequency meter 
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dial setting was noted and was then moved in the back- 

ward direction beyond the resonant frequency position so 

that again while adjusting the time delay control the 

maximum displaced position of the reference point coin- 

cided with the hairline. These two frequency meter dial 

positions gave the upper and the lower half -power fre- 

quencies. 

There was very little backlash in the movement of 

the frequency meter dial, but it was worthwhile to avoid 

any error because the half- widths obtained were quite 

small. Also it was found helpful to make an extra fric- 

tion -drive attachment for the movement of the frequency 

meter dial so that the dial position could be controlled 

more precisely and slowly. 

Preliminary runs were made to see whether any wait- 

ing intervals were necessary between two measurements at 

the same amplitude for reproducible results. It was 

found that there was a scatter of data at lower values 

of amplitude for any waiting time. So if this general 

scatter of values were to be accepted, no waiting inter- 

vals were necessary if there is no monotonic increase 

in the value of internal friction with increasing ampli- 

tude. However waiting times of about 5 to 7 minutes 

were allowed even at low amplitudes. It was also found 

from the preliminary runs that in the higher amplitude 

region where the internal friction starts to increase 
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with amplitude, consistent values of internal friction 

were obtained for waiting intervals of about 10 minutes. 

When measurements were made in this range waiting inter- 

vals of about ten to twelve minutes were allowed between 

two measurements at gradually higher amplitudes. 

The conversion of the maximum displacement, y, of 

the end of the reed to the corresponding value of abso- 

lute strain amplitude, E., was made by using the equation 

of the static bending of a cantilever. The conversion 

formula used was 

where t and 1 are the thickness and the free length of 

the reed respectively. 

The range of strain amplitudes available with the 

set up was from 10 
6 

to 8 x 10 . 

-4 
When a 16mm objective 

is used this corresponds to a range of about 10 to 800 

divisions in units of circular micrometer divisions of 

the eye -piece. The lower limit could be further extended 

by using a higher -power objective, but it was decided that 

it would be more inconvenient and less reliable data would 

result from changing the objective during a set of meas- 

urements. So the 16mm objective was used throughout the 

experiment. This objective provided a magnification 

. 

E =' y 
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such that a displacement of 100 circular micrometer divi- 

sions corresponds to 0.0073cm displacement of the end of 

the reed. 

The lower limit to the strain amplitudes observable 

with this set up was due to the fact that for a 10 divi- 

sions maximum displacement the relative displacement of 

about 3 divisions between the resonant frequency position 

and the half -power frequency position was the smallest 

that could be measured with any degree of precision. The 

upper limit was determined more by the transducer than 

by the field of view available with the objective used. 

For the same range of strain amplitudes vanadium needed 

more driving voltage than had been necessary with other 

metals worked with by the earlier experimenters. It was 

found that at driving potentials of approximately 4 to 

5 volts rms there is a sharp deviation from linearity in 

the maximum amplitude versus driving potential. It is 

to be supposed that around this driving potential the 

extreme positions of the reed, while vibrating, extend 

beyond the range over which the magnetic field is not 

very uniform. So it was considered advisable not to 

put any driving potential greater than 5 volts rms. 

This problem could probably have been solved and a 

greater range of strain amplitude could have been ob- 

tained if reeds of greater thickness were chosen. The 

driving potential was much less for greater reed 
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thicknesses. 

Driving potentials were increased in steps and meas- 

urements were carried out to obtain the maximum strain 

amplitude and iternal friction corresponding to each step. 

On the average about 14 data -points were obtained for 

each temperature of the reed. The vacuum chamber was 

then heated to a higher temperature by adjusting the 

variac dial position. It was found helpful as well as 

time- saving to start heating at a much larger dial posi- 

tion and let it heat up fast up to a temperature about 

10 to 15 °C less than the desired temperature and then 

set it at the position calibrated for the same. This 

method was arrived at after determining the possible lag 

between temperature of the chamber and the thermometer 

reading while conditions were still unsteady. This also 

took care that the temperature of the chamber never rose 

above that desired. 

An interval of about one to two hours was allowed 

to reach a steady state in the vacuum chamber. During 

heating the pressure also started to rise and aften rose 

to about 20 to 25 microns each time the temperature of 

the chamber was being raised. After the waiting period 

the pressure became steady at about 10 microns. This 

increase in pressure inside the chamber would probably 

not affect damping of the reed. The problem really 

was how much this would affect the absorption of gases 
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into the heated reed. But the behavior observed in test 

runs about the nature of the slopes of internal friction 

versus strain amplitude plots before heating was begun 

and after it had been heated and allowed to cool down 

again gave reason to believe that this effect was also 

inappreciable if not absent altogether. 

With a change in temperature there was observed a 

change in the resonant frequency even at very low ampli- 

tudes. This could be the result of the expansion of the 

reed resulting in the change in its physical dimensions 

or due to other internal factors which would also affect 

the value of the internal friction. An example of such 

a process could be the annealing -out of some dislocations 

as a result of heating. It was thus considered advisable 

to make some extra runs to compare amplitude dependence 

of internal friction at room temperature before and after 

heating and sets of measurements were carried out at 

higher than room temperatures. For this the chamber was 

allowed to cool down after the set of measurement at the 

highest temperature was completed and measurements of 

internal friction were again carried out. It was found 

by comparing the two curves that there was a non- revers- 

ible change produced but the difference was mainly on 

the absolute values of the internal friction, while the 

slopes of curves were very much the same. These led to 

some important observations concerning analysis of the 
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data which will be discussed later. 

Measurement of decrement 

An arrangement was set up for the measurement of the 

decrement by using an insulated metallic plate held car - 

alell to the reed for capacitative pick up during trans- 

verse vibrations of the reed. The capacitor plate was 

at first mounted against one face of the electromagnet 

of the transducer. The idea was to make a measurement 

of 1 for a certain (value of) strain amplitude and 

then after some waiting time to let the reed amplitude 

at resonant frequency decay by shutting off the trans- 

ducer. 

It turned out that the decay time of the transducer 

circuit was about of the same order as the expected de- 

cay time of the amplitude of the reed itself. Also the 

capacity of the probe plate to the rest of the system 

was too large so that the effective variation in capacity 

due to the vibrations of the reed was quite small. 

Therefore it was found necessary to construct a 

separate mounting and minimise the rest capacity of the 

plate. The reed was grounded and the probe plate was 

placed as near as possible to the reed. The plate was 

of about the same width and slightly shorter than the 

free length of the reed. It was found necessary to 

shield the entire set up, allowing only for a small 
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window at one end to enable the reed to be plucked. It 

was also found necessary to use a D.C. filament and 

plate supply for the following amplifier stage to avoid 

any 60 cycle hum and to minimise any low frequency me- 

chanical vibrations. The schematic of the set up used 

is shown in figure 3. 

In spite of all these measures it was found in the 

photograph of the amplitude decay displayed on the 

oscilloscope that there was appreciable fluctuation in 

the individual amplitudes when examined through a mi- 

croscope. 

Finally the sweep in the oscilloscope was adjusted 

to a value such that an envelope of the decay curve was 

obtained. The oscilloscope was set such that the pluck- 

ing of the reed triggered the sweep. 

From the photograph of the decay envelope, slopes 

were obtained at different values of amplitude. From 

this the values of decrement at different values of 

amplitude could be computed by using the following re- 

lations: 

n 

d An 

An 

(16) 

(16') 

where Ao is the maximum amplitude at the start and A 
n 

An = Ao e 
6 

1 

An 
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the maximum amplitude after n oscillations. The value 

of LSn could be obtained by knowing the frequency of the 

reed and the sweep time used. 

A correction had to be applied to the above relation 

for the departure from linearity of the capacity varia- 

tion with respect to the displacement of the reed from 

its rest position. The correction factor had been 

computed from the effective capacity variation resulting 

from the displacement of the reed on the basis of the 

static bending of a cantilever. 

The variation of the decrement as compared to the 

variation of Q-1 with strain amplitude had been plotted. 

The limits of experimental error in the values of 6 was 

mainly from the determination of the slope of the decay 

curve. An estimate of the limit of error in the values 

of S would be about 5 tu 7 percent. The comparative 

limit of error in the values of Q 
-1 

was about one per- 

cent. 

Within the limits of experimental error the values 

of g/TT and Q -1 out to be about the same except for 

a medium amplitude range where there was observed a 

larger deviation and showed in the form of a hump. 

Further examination was made to look into the nature 

of the aforesaid hump in the medium amplitude range. It 

was suspected that the presence of enharmonics, along 

with the fundamental frequency, on being plucked by hand 

- 

came 
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could cause such an effect. To minimize the effect of 

the enharmonic content the following technique was 

finally adapted. 

The distance between the capacitor plate and the 

reed was increased. The difference in the comparative 

shapes of the decay envelope, in the initial stages of 

plucking, of the positive and negative signals corre- 

sponding to the increase and decrease in capacity of the 

system (during towards and away motion of the reed from 

its rest position) was found to decrease as the distance 

between the plate and the reed was increased. The mini- 

mum distance at which the difference between the shapes 

of the two decay envelopes was appreciably small was 

finally decided upon and fixed. 

The allowed maximum displacement of the reed was set 

to a value higher than the desired range with the idea 

that the enharmonic components may have died out before 

the desired amplitude range is reached. It was found 

that the desired range could be determined by pin- point- 

ing the signal size which corresponds to the value of 

the non -linearity factor,, -,, for the desired maximum 

displacement. The non linearity factor was computed 

from the changes in the capacity from a maximum displace - 

ment,y (m.n'c), and from the relative lengths of the reed 

and the plate oid thus the average displacement Y result- 

ing in the effective changes in capacity were obtained. 
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V 
1 
= LSC - (increase in capacity) (17) - b b (b-ÿ) 

V2 -_-_ A 
b(b+y) ( decrease in capacity) (18) 

where b was the rest distance of separation between the 

reed and the plate. 

with k = y 
'b 

v 
1 12±x l+k 

V 
2 

b-y 1-k 
(19) 

The non -linearity factors for the signal V1 and V2 

1 1 respectively. were 1 and 1747 

From the oscilloscope photographs (figures 4 and 5) 

the values of V1 
1 

and V2 could be measured from which the 

corresponding values of k could be computed. The desired 

amplitude range was thus obtained by using the portion 

of the decay curve below the value of k corresponding to 

the maximum displacement desired. 

The values of S/T and Q -1 over the amplitude range 

have been plotted as shown in figure 6. The results of 

the comparative measurement justify the use of Q -1 as a 

measure of internal friction in the presence of amplitude 

dependence as well. 

1 

C2 = 

= ' 
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ANALYSIS OF DATA AND RESULTS 

Analysis of internal friction data on the basis of 

the theory by Granato and Lücke required the separation 

-1 
of the internal friction, Q , observed into two additive 

-1 
components: The amplitude independent component, . 1 Qi 

-1 
and the amplitude dependent component, Qd . The former 

had to be obtained by extrapolating the internal friction 

versus strain amplitude curve to zero strain amplitude. 

The extrapolation of the curves to zero strain amplitude 

proved to be a different problem. 

The general nature of the problem involved could be 

put down in terms of some observations concerning the 

nature of the Q 
-1 versus 6 curves: 

1. There was actually no amplitude region over 

which the internal friction was independent of strain 

amplitude. 

2. For amplitudes lower than 5 x 10-6 in most cases 

there was observed a decrease in internal friction values 

with increasing strain amplitudes that went through a 

- minimum in the range 5 to 10 x lo . 
6 Beyond this range 

internal friction increased with further increase of 

strain amplitude. 

In such cases a smooth curve could be drawn follow- 

ing down along the greater amplitude points up to the 
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point where the minima appeared and then extrapolating 

to zero amplitude. The lower amplitude points would 

then be lying above the extrapolated curve. A case of 

this type is seen in figure 7. This was the method a- 

dapted in such cases. 

In some cases the minima did not seem to lie on the 

smooth curve followed down along the higher amplitude 

points. In such cases, as is shown in figure 8, extrapo- 

lation was made by following down along the slope leading 

to the minima and then extended smoothly up to zero 

amplitude. 

3. There were also a few cases in which the reeds 

were given larger amounts of cold -work, where no initial 

decrease in internal friction was observed. Instead, 

over the same region of low strain amplitude a steep rise 

in internal friction was observed. Beyond this range the 

rise in the internal friction values was much less and 

was about the same as in the above cases. In such cases 

extrapolation was made by following the low amplitude 

points to zero amplitude. An example of this type is 

shown in figure 9. There was a greater possibility of 

error in these cases due to convexity of the slope in the 

low amplitude region. 

At this point it would be of interest to draw some 

general observations from the special runs made to compare 
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the Q -1 vs E plots at room temperature made at the start 

and after a set of measurements had been made at higher 

temperatures and then allowed to cool down to room temper- 

ature. Comparison of these plots (figure 10) show that 

the amplitude independent components as obtained by 

extrapolation had been changed, otherwise there was little 

change in the general nature of the amplitude dependence. 

These results suggested that the amplitude independ- 

ent component of internal friction undergoes some irre- 

versible change during the process of heating and measure- 

ments. For instance, there could be taking place some 

annealing during the heating. This would also affect the 

amplitude dependence but to a lesser extent. Further 

discussion on this could be postponed until later. 

It was hoped that after correction for the contribu- 

tion of internal friction due to thermoelastic effect, 

the data for the amplitude independent component, ( .1, 
i 

could be analysed for temperature dependence according 

to the relation 

Q1l = Q01 
e 

-rii /kï 

1 (20) 

so that the activation energy, Hi, for any associated 

temperature activated hysteresis process could be obtained. 

The available data however did not allow this. The vari- 

ation in ail with temperature was not in one direction 

as would be expected to increase monotonously with 



temperature according to the above relation. In cases 

where such temperature dependence are present the values 

of Hi are very small, ranging from .012 to .020 ev. These 

values appear to have no importance since they are all 

lower than the value of kT at room temperature. It is 

possible that such an analysis could be obtained if the 

range of temperature could be increased much further. 

Any error in the determination of the amplitude in- 

dependent component would also affect the amplitude de- 

pendent, but less. Most of the errors are taken care of 

while subtracting out the amplitude independent component 

because all other possible contributions to the internal 

friction are also amplitude independent. The amplitude 

dependent component, l, of internal friction was then 

analysed on the basis of the theory by Granato and Lücke. 
-1 

Plots were made for ln(C -1 E /6) versus E for each 

set of measurement at a temperature. In the lower ampli- 

tude region the curves deviated considerably from linear- 

ity, as is shown in figure 11. A straight line could be 

drawn through the points at the highest values of ampli- 

tude. For each such plot the slope of the straight line 

drawn and the intercept was obtained. These were the 

parameters C 
2 

C1, respectively, in the Granato -Lücke 
w 

expression for amplitude dependent internal friction. 

The values of C2 thus obtained for each of the four 

temperatures at which measurements had been made were then 

, 

and 

v 1 



plotted according to the relation 

in C2 = ln Co + 

The slope of the line C2 vs 1/ gave the activa- 

tion energy, H, for the state of the reed as previously 

treated. Also from the intercept the constant Co corre- 

sponding to the average concentration of impurities in 

the specimen was obtained. This method of analysis was 

repeated for each state for all the reeds. 

The activation energy H for each of the reeds was 

plotted against the amount of cold work put in. These 

plots are shown in figures 12 to 15, in which the values 

of H for the two reeds of each sample have been plotted 

together. 

The absolute values of internal friction and the 

parameter C2 were different for the two reeds of each 

sample, which resulted in having different values of the 

average concentration constant Co. But the final values 

of H for the two different reeds of each sample howver 

came out to be very much the same. This is perhaps an 

indication of the consistency of the measurements. 

The following general observations could be made 

concerning the results obtained. 

1. The activation energy H for pure vanadium, for 
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the annealed state and for all cold- worked states as well, 

is higher than those for the impure sample states. 

2. The variation of the activation energy with cold - 

working pressure is also different for the pure and the 

impure samples. 

3. For the pure sample the activation energy in- 

creased from 0.066 ev for annealed state to 0.14 ev for 

the maximum cold- working pressure of 8.2 x 104 4 pounds per 

square inch. 

4. For samples of vanadium containing hafnium im- 

purity the activation energy decreased with increasing 

amount of cold work. The value of activation energy was 

initially increased to a higher value for the smallest 

amount of cold -work put in than the value for the an- 

nealed state. Then with further increase in cold -work 

the activation energy decreased. It could be of interest 

to carry out measurements for states of lower cold work- 

ing with these impure samples. 

5. For any state of cold -working, the value of 

activation energy was lower for greater impurity content. 

There tirl.P however very little difference in the 

values for the samples containing 1.5 and 2.0 atomic per- 

cent hafnium, especially for higher amounts of cold-work- 

ing. 

- 
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6. In the impure samples there is an indication 

that the activation energy approaches a minimum value. 

For the 1.5 and 2.0 atomic per cent impurity samples 

the minimum values were comparable to kT at room temp- 

erature. 



DISCUSSION 

There does not seem to exist any information in the 

literature concerning the dependence of activation energy 

for impurities on the amount of prior cold -working or on 

the impurity concentration for the sake of comparison with 

the results obtained from the present investigation. No- 

tably lacking is the study of the amplitude dependence 

of internal friction in metals which have body- centered 

cubic lattices. Some values of the activation energies 

are available for the amplitude independent components as 

measured at very low strain amplitudes. In other metals 

as well, the dependence of activation energy on the state 

of the metals has not been studied. 

Birnbaum and Levy (1, pp. 84 -88) working with high 

purity aluminum single crystals obtained the activation 

energy for the temperature activated process in the ampli- 

tude independent internal friction in terms of the relation 

1 1 - í-ii/it`1' 
Qi = io e (20) 

They note that the temperature range in which the 

above exponential dependence sets in, for reasonable 

values of binding energy of the solute atoms to dis- 

location, the dislocation may be considered as not being 

pinned by impurity atoms. The activation energy of about 

35 
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0.7 ev, which is reported, is supposed to be for the for- 

mation of vacancies and interstitials at dislocation in- 

tersections in the presence of the applied stress. This 

would set the activation energy for impurities compara- 

tively much lower than for this process. The magnitude 

of the activation energies seemed to agree well with the 

activation energy for jog formation as computed from 

Seeger's formula (24, p. 1195). They also report an in- 

crease in activation energy for one sample with 0.57 ev 

for annealed state to 0.66 ev when a deformation of 0.5 

n 
x 10 in /in in torsion and 0.25 x 10-2 in /in in com- 

pression was put in. Seeger's expression also predicted 

an increase in activation energy with cold -working if 

due to an increased amount of dislocations being present 

the elastic strain around the dislocation is increased. 

Karnentsky (13, p. 59) also reports an increase in 

activation energy, supposedly due tc the same process as 

above, with cold working in pure copper single crystals. 

Weertman and Salkovitz (31, pp. 1 -9) working with 

lead single crystals containing small amounts of either 

bismuth, tin or cadmium up to one per cent obtained 

activation energies from the analysis of the temperature 

dependence of the amplitude independent internal friction. 

They also found that the critical stress at which break- 

away occurs, le, amplitude dependence begins, has also a 

temperature dependence and an apparent activation energy 
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could be assigned to this as well. They also report that 

the breakaway stress agreed well with Mohr's formula 

br = 151L4 Es 

where /.` is the shear modulus, E' the misfit parameter and 

the impurity concentration. As such this bears greater 

resemblance to the activation energy for the amplitude 

dependent internal friction. The apparent activation 

energies associated with the breakaway of the dislocations 

from the impurity pinning points were lower than the 

apparent activation energies associated with the ampli- 

tude independent internal friction by a factor of about 

2 to 4. 

If U is the activation energy for the amplitude de- 

pendent component as given by 

U/1,:rr 
C2 = Co e 

then, Granato -Lucke theory for amplitude independent 

component leads to the relation 

e 

That is, the effective activation energy from the 

c 

Qil= kT 
9l' 



temperature dependence of the amplitude independent com- 

onent should be 4 times the Cottrell activation energy 

for impurities. This has not been amply verified from 

experimental evidence. 

For the sample containing 0.058 percent tin they 

obtain an activation energy for the breakaway process, 

H = 0.10 ev while Granato -Lücke plots for the same gave 

H = 0.11 ev. 

The value of the same calculated from the Cottrell - 

Bilby formula gives a value H max = 0.35 ev for intersti- 

tial position. Calculation of the activation energy 

from the Cottrell -Bilby formula requires the determina- 

tion of the misfit factor, E', which is defined as 

E ' = ' where r and To are the atomic radii of the 

solute and the solvent respectively. But the values 

obtained thus differs even by an order of magnitude from 

the value obtained from X -ray diffraction method accord- 

ing to the relation 

, _ 1 da 
E - a uz (21) 

where ác is the rate of change of the lattice dimension, 

c, of the solvent material with the concentration, c, of 

impurity concerned. Weertman and Salkavitz had obtained 

their values of E. from the available experimental data. 
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No such data were available for impurities in vanadium. 

Van Beuren (30, p. 194) has given an estimate of the 

activation energy for elastic interaction for impurity 

atoms to be 0.2 to 0.5 ev for interstitial atoms and 0.05 

to 0.1 ev for substitutional atoms located at one atomic 

distance from the dislocation line. 

A computation of the misfit factors and the corre- 

sponding values of maximum interaction energies according 

to the above relation and the Cottrell -Bilby formula with 

available values of atomic radii has been carried out for 

the sake of comparison. 

For vanadium = 4.64 x 1011 dynes/cm` 

b = 2.6 x 10-8cm 

ro= 1.32 x 10-8cm 

Impurity atom Hf 02 N2 Ni Mn Mn C 

misfit factor, E' +0.26 -0.55 -0.46 -0.061 -0.023 -0.42 

Umsex (in ev.) 1.3 2.9 2.4 0.32 0.12 2.7 

Nickel and manganese atoms having small misfit factors 

are supposed to occupy substitutional position in the bulk 
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vanadium, which contribute less to the lattice dilatation 

and thus have low activation energies. The values of the 

misfit factors, if obtained by X -ray diffraction method, 

as pointed out earlier, could be lower by as much as one 

order of magnitude. This could bring the values of the 

activation energies much nearer to the magnitude of acti- 

vation energies observed. 

The amplitude dependence in the case of the pure 

sample, according to the dislocation unpinning model, is 

due to the breakaway of the dislocations from the collec- 

tive atmosphere created by the impurities contained. The 

effective contribution to the internal friction could be 

due to the atoms of oxygen and carbon present because of 

their relatively larger concentration. At present there 

does not seem to be any explanation for the increase of 

activation energy with cold- working other than the possi- 

bility that with the creation of a greater density of 

dislocations the effective value of the radius of the 

Cottrell atmosphere of impurities from the dislocations 

had been reduced. 

The above table also shows that the misfit factor 

for hafnium in vanadium has a sign opposite to that of 

the rest of the trace impurities. This means that the 

equilibrium position of a hafnium atom would be on the 

expanded side of the dislocation while for the smaller 

atoms it would be on the compressed side. This could be 
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looked at in another way as well. A larger atom, with 

a positive misfit factor placed in a normal lattice posi- 

tion, or an interstitial position would create a compres- 

sive stress field around it whereas a smaller atom placed 

as such would produce a rarefaction. If two such atoms 

are placed near each other within short range the result- 

ant stress field could be reduced due to relaxation proc- 

esses. According to this picture, in a solid containing 

a uniform distribution of larger and smaller atoms in its 

bulk the activation energy would be lower than in the 

case when only one type of impurity atom is present. The 

activation energy would be reduced because the oscillating 

dislocations have to move through and break away from a 

lower effective stress field. This explanation seems to 

justify the lower values of activation energy for the 

hafnium containing samples as compared to the values for 

the sample containing other trace impurities. 

Not much could be said about the further decrease 

of activation energy with increased amount of cold work, 

except that with a greater density of dislocations around 

the distribution of the impurities could have changed 

such that further reduction of the microscopic stress 

field takes place resulting in a decrease in the effect- 

ive activation energy of the impurities. 

A point of interest which is of importance for this 

investigation is the difference between the vanadium 



alloy containing 1.0 atomic percent hafnium and those 

containing 1.5 and 2.0 atomic percent hafnium. Metallog- 

raphic studies of the alloys made by Lincoln (16) shows 

that the former sample seems to have a uniform distribu- 

tion of hafnium in the bulk of vanadium, whereas in the 

latter samples small clusters of precipitates, presumably 

hafnium atoms, 'were to be seen. These clusters could be 

hafnium atoms not in solid solution vanadium. It 

is thus supposed that for the former sample having a uni- 

form distribution of hafnium atoms there exists more 

order (short -range) than in the samples which contain 

precipitated groups of atoms. Fisher (7, pp. 9 -10) has 

pointed out that an alloy showing short range order should 

offer an additional resistance to the motion of dislo- 

cations, because in moving through the lattice these im- 

perfections destroy completely the short -range order 

across the slip plane. An existence of short -range order 

in the lower impurity sample could explain the greater 

value of activation energy observed for the same. To 

push the argument further, when the alloyed samples are 

cold -worked more dislocations are formed and perhaps 

produce greater disorder and thus result in a decrease 

in activation energy. Also another possible explanation 

is that with the increase in dislocation density a greater 

concentration of di -atom impurity pinning points, of the 

type discussed earlier, is formed which results in the 
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lowering of the activation energy. 

Further discussion on the amplitude dependence at low 

amplitudes 

The lack of understanding of the internal friction 

behaviour at comparatively low strain amplitudes has come 

to be felt increasingly in recent times. There seems to 

be present two types of behaviour which needs immediate 

attention. Both these types were observed in the course 

of the present investigation. One type of behaviour 

consists in displaying an initial decrease in internal 

friction with increasing strain amplitude. The internal 

friction goes through some sort of a minimum and beyond 

that it shows an increasing internal friction with fur- 

ther increase in strain amplitude (figure 7). This type 

of behavior is also to be seen in the data reported by 

Hiki (10, p. 1142) and by Kamentsky (13, p. 100). 

The other type of behaviour (figure 9) shows a 

steeper initial rise in the Q-1 vs curve at low ampli- 

tude which reduces to a weak dependence on amplitude at 

intermediate amplitudes and followed beyond by a region 

where the internal friction rises exponentially. No such 

exponential observation has else been reported. Some 

indication of this type of amplitude dependence is to be 

found in the modification of Granato -Lücke theory by 

Swartz and Weertman (26, pp. 1860- 1866). The theoretical 

' 

. 
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plot which they give for the case in which the damping 

is impurity -spacing controlled shows a similar behaviour. 

Some of the Q versus E curves obtained in the present 

investigation, especially for the higher states of cold - 

working in the impure samples show this type of behaviour. 

It seems that this modified picture is tenable for these 

curves and an analysis on this basis may prove worth 

while. Also the modified theory is supposed to suit best 

for metals with body- centered cubic lattices in which the 

impurity atoms located at interstitial and substitutional 

positions in the lattice possess different pinning proper- 

ties as regards strength and character. The same behav- 

iour is also true for impurity atoms of more than one 

type, which would lead to different Cottrell pinning 

forces. According to this picture it is possible to see 

that the breakaway of dislocations pinned by different 

types of impurity atoms occur at different regions of 

strain amplitude. 

Following Kamentsky's suggestion that an amplitude 

dependence of the form 

at 
A 

8 . e 
- 

- 
(22) 

it is possible to explain the minima in internal friction 

at low amplitudes. In the above relation is the strain 

[) 

k7' 
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amplitude, U is the activation energy, at is a parameter 

and A is a proportionality constant. Hiki's data was 

analysed for the above form after using instead of 
2 

in the coefficient term to take care of the variation of 

along the length of the reed. It was found that a 

relation of the form 

-dE 
g- _A_ e- /kT e 

2E 

would instead agree with the data well. No justification 

for this form of dependence was to be found. Analysis on 

this basis yielded a value of 0.30 ev as compared to 0.46 

ev which Hiki obtained from the analysis of the tempera- 

ture activation of the amplitude independent component 

and 0.7 ev for jog formation for which he derived an 

approximate relation 

+ A 
-U/kT 

e 

where 4g itself had a temperature dependence. 

A point of interest is that relation comes 

out as an approximation for the equation 23 for small 

values of òlE . 

An attempt was made to analyse the data showing 

this type of minima behaviour obtained for samples in the 

present investigation. Not much success was attained 

_ (23) 

E _ 8 o 

o 

Hiki's 

-- 
C- 
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due to the difficulty in obtaining the value of the 

parameter, A, graphically. It was necessary to obtain 

the value of _'. for obtaining U according to equation 23. 

The value of A had to be obtained by graphical extrap- 

olation of the plots of 1n(Q) versus E as shown in 

figure 18. The value of A varied with temperature 

though not always in the same direction. The value of 

A corresponding to each temperature was then used for 

plotting In ln(A É) versus E according to the equation 

ln in 2-lE ; = ln H - ot E Aia,-1 

It was found that for each temperature a straight line 

could be drawn through the points at higher values of 

amplitude. Breaks in the slope of these lines appeared 

at a value of strain amplitude about 1.5 x 10-5. After 

subtracting the corresponding line, the deviated points 

at low amplitudes were found to fall on another straight 

line for each temperature (figure 19). 

It was argued that the parameter, A, may have other 

forms of temperature dependence and for an analysis on 

the basis of amplitude dependence alone the values of A 

for the different temperature could be normalized. One 

possible way of excluding other effects of temperature 

was to reduce the values of the parameter, A, to a con- 

stant value, A', for all temperatures. On examination it 
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was revealed that by using the name value of A' for all 

temperatures the plots corresponding to each temperature 

could coincide and a pair of straight lines could be 

drawn over the points in the higher amplitude region and 

in the low amplitude region (figure 20). 

This consideration called for a relationship of the 

form 

N 

A 
(4-1 TE- e 

cfl 

where &, oil ande,, correspond to the slope and to the inter- 

cept, respectively, of the line drawn over the higher 

amplitude region, and o1., and p, represent the Correspond- 
- 

ing quantities for the low amplitude region. 

This analysis gives some ground to believe that there 

exsist two (or more) different amplitude dependent proc- 

esses taking place in the vibrating body: one process 

having a lower apparent activation energy acting over a 

lower range of strain amplitudes and the other with a 

greater activation energy acting over the entire range 

of strain amplitudes. 

01, 
_ 01,E t (3z e 

. 

E 
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SUMMARY 

In this investigation the amplitude dependence of 

internal friction, Q 
-I 

was studied between room temper- 

ature ( 290 °K) and 510°K for reeds of pure and impure 

vanadium set in transverse vibration at the fundamental 

frequency of about 75 cycles per second. Data were ob- 

tained for annealed states and for various degrees of 

cold working following annealing. 

- 
The amplitude dependent component, 

1 
Qat, of internal 

friction was then analysed on the basis of the Granato- 

-1 Lücke theory. From the Granato -Lucke plots (ln Qa e 

versus E ) the slopes, C2, were obtained for each steady 

temperature of measurement. The slopes, C2, correspond 

to the equilibrium concentration of impurities along the 

dislocations according to the relation 

H /kT 

where H is the activation energy for impurities and T the 

temperature of measurement. 

The activation energy, J, was obtained from the 

slope of the plot in C2 versus 
1 
/T. 

This procedure was repeated for the data for the 

different states of the pure and impure vanadium reed 

samples. 

1, 

CZ = Co e 
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The results of this investigation can be summarised 

as follows: 

1. The activation energies, H, for pure vana- 

dium are higher than the activation energies 

for impure samples for all states of cold 

working. 

2. The activation energy for pure vanadium in- 

creases from 0.06 ev in the annealed state 

to 0.14 ev for a cold -working pressure of 
A 

8.5 x 104 pounds per square inch. 

3. The activation energy decreases with in- 

creasing hafnium impurity content. For 

annealed states the activation energies 

for reed samples containing 1.0, 1.5, and 

2.0 atomic percent hafnium impurity were 

0.049, 0.045 and 0.041 electron volts re- 

spectively. 

4. There is an indication that the activation 

energies for these impure samples increase 

at first with small amounts of cold -working. 

Within the range of cold -working; pressures 

applied in the course of this investigation 

(about 12.5 to 77.6 x 104 pounds per square 

inch) the activation energies for the im- 

pure samples steadily decreased with 
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increasing amounts of cold- working (from 

about .075 to .025 ev). 

5. The difference in the values of activation 

energies appear to decrease with increas- 

ing amounts of cold -working for the higher 

impurity concentration samples. 

It could be of interest to examine further the de- 

pendence of the activation energy for impure samples for 

amounts of cold -working smaller than these used in the 

present investigation and also for lower hafnium concen- 

trations. 

Opinion has been forwarded that the decrease in the 

activation energy for impurities in the hafnium- contain- 

ing samples could be due to relaxation of the stress - 

field around dislocation resulting from the interaction 

with impurity atoms with dimensions larger and smaller 

than those of the parent atome. 



Figures 4 and 5. Oscilloscope patterns of the decay 

of the amplitude of the reed. (Reed no.1. vanadium 

(trace), in air). 
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Figure 10. Comparative plots of di versus s at room temperature before and after heating. 
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Figure 15. Activation energy versus cold work for vanadium containing 2.0 atomic percent hafnium 
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TABLE I 

Internal friction data for annealed and cold- worked states 

of reed No. 2 of vanadium. (trace) 

All anneals made at 925 °c for one hour in vacuum. 

Explanation of symbols: 

T - temperature of measurement 
E - strain amplitude 
f,-- resonant frequency 

Q-1- internal friction 
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TABLE I (cont.) 

AIM 

Annealed State 

T C 6 
x106 Q 1X1(;' 

1.865 
2.19 
2.72 
3.42 
4.29 
5.39 
7.54 
9.80 

73.3186 
73.3081 
73.3105 
73.3005 
73.2932 
73.2800 
73.2687 
73.2687 

6.67 
6.12 
5.82 
6.42 
6.72 
6.57 
7.31 
7.61 

3000 11.94 73.2653 7.76 
14.01 73.2534 8.13 
16.45 73.2478 7.69 
18.65 73.2434 7.69 
20.81 73.2377 7.76 
23.21 73.2221 7.99 
23.54 73.2255 7.84 
26.78 73.2104 8.13 
32.50 73.2041 8.06 
41.04 73.1777 8.66 
50.49 73.1584 8.67 
59.61 73.1323 8.22 
69.14 73.1145 8.07 
78.01 73.0969 8.15 

1.82 73.2973 7.62 
2.16 73.3298 7.32 
2.82 73.3386 7.17 
3.32 73.3420 6.65 
3.90 73.3376 7.03 
4.52 73.3320 7.03 
5.64 73.3154 7.10 

353 °' 6.80 73.3154 7.18 
8.93 73 .3100 7.03 
11.03 73.3017 7.03 
14.18 73.2966 7.33 
16.99 73 .2744 7.33 
20.81 73.2678 7.48 
24.62 73.2587 7.78 
29.26 73.2465 8.08 
34.32 73.2312 8.36 
39.13 73.2299 8.38 
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TABLE I (cont.) 

Annealed State 

T E x106 fo -1x104 

44.93 73.2211 n 6. 8.69 
353°: 48.91 73.2006 8.76 
cont'd 53.80 73.1877 8.34 

60.60 73.1823 9.29 
66.90 73.1777 9.44 

1.58 73.3068 6.70 
1.91 73.2968 6.70 
2.40 73.3088 8.34 
2.90 73.2832 7.52 
3.73 73.2788 7.30 
4.48 73.2797 7.60 
5.39 73.2666 8.34 
7.54 73.2521 7.23 

392 °' 9.45 73.2333 7.30 
12.27 73.2277 7.68 
14.76 73.2177 7.68 
17.99 73.1975 7.83 
25.4E 73.1855 8.50 
33.08 73.1635 9.03 
39.96 73.1411 8.81 
46.84 73.1301 9.11 
53.97 73.1188 9.26 
60.35 73.1113 10.01 

1.37 73.2700 10.74 
1.66 73.2622 9.25 
2..24 73.2700 8.95 
2.61 73.2700 8.36 
3.23 73.2587 8.36 
3.98 73.2587 8.55 

433 5.18 73.2365 8.76 
6.30 73.2155 9.56 
8.46 73.1921 9.56 
10.61 73.1625 9.11 
14.36 73.1423 8.92 
17.57 73.1223 9.11 
23.13 73.1166 9.01 
28.35 73.0893 9.15 
35.07 73.0678 9.20 
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TABLE I (cont.) 

Annealed State 

T E x106 -fG 

4336K 
cont 'd 

.1 r 
. v ̂  : 

47.75 
53.30 

73.0656 
73.0405 
73.0405 

9.31 
9.43 
9.88 

Annealed and Cold Worked 0.843 x 104 1t3 /in2 

T E 4. Q 
-1 

0.911x10 -6 
3.190x10 -6 

76.06738 
76.0366 

3.75x10-4 
5.30x10-4 

5.82 x10 -6 -6 76.0341 5.66x10-4 
8.79 x10 -6 76.0275 5 . 38x10-4 
11.96 x10 -6 

-6 17.57 x10 -6 
76.0244 
76.0244 

6.31x10-4 
6.09x10-4 

23.53 x10 -6 76.0212 
301.2 °' 29.42 x10 -6 76.0180 6.16x10-4 

36.79 x10 -6 76.0158 6.24x10-4 
44.74 x10 -6 76.0136 6.38x10-4 

,l 

55.23 x10 
63.55 x10 -6 

76,0158 
76.0051 

6.59x10-4 
6.95x10-4 

70,43 x10-6 76.0009 7.10x10-4 
81.29 x10 -6 75.9992 7.39x10-4 
89.98 x10_ 75.9965 8.46x10-4 
96.13 x10 

- 75.9921 9.03x10-4 

301.2 

Repeated after 

7.44x10-6 76.0297 
16.00x10-6 76.0241 
25.95x10-6 76.0168 
37.37x106 76.0158 
44.79x10-6 76.0144 
66.26x101 76.0070 
84.77x1J-6 76.0009 

2 hours 

5.45x10 -4 
6.24x10 -4 
6.24x10 

-4 

6.67x10 -4 
6.71x10 -4 
7.10x10 -4 
8.46x10 

-4 
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TABLE I (cont.) 

Annealed and Cold Worked 0.843 x 104 l.s /in2 

T ïo 
Q -1 

365 °T: 

2. 07x1C -6 
4.31x10 -b 
8.57x10-6 
15.12x10 -6 

21.54x10-6 
32.40x10`6 
42.18x10`6 
52.62x10-6 

75.8356 
75.8200 
75.8090 
75.8068 
75.7968 
75.7739 
75.7602 
75.7524 

7.37;70 -4 

6.01x20 -4 

6.87x10 -4 
6.94x10`4 
6.87x10 -4 

6.94x10`4 4 
7.16x10 
7.23x10-; 

61.90x10`6 75.7480 7.23x10 
?9.13x10-6 75.7468 7.59x10 

- 

1.70x10-6 75.6347 7.49x10 7.49x10 -4 
3.65x10-6 75.6230 6.91x.1.0 -4 

7.33x10-u 75.6103 7.05x10 -4 
12.93x10-6 75.6015 7.13x.10`4 

410.2 ° - 18.20)(10 
-6 

75.5859 ?.56x10 
-4 

75.5801 
35.84x10 75.5771 7.49x10 
45.74x1n`6 75.5771 7.35x10 
53.44x10-6 75.5671 ?.49x10 

-4 

1.33x10 -6 75.3439 7.81x10 -4 

2.49x10 -6 75.3330 7.45x10 -4 

5.22x10 -6 75.3361 8.32x10 
-6 9.20x10 75.3374 8.17x10`4 

481 °K 6 13.17x1 0 75.3361 8.68x10 -4 

19.55x10 -6 75.3295 8.90x10 
-4 

?5.94x10 25.94x10 -6 75.3186 8.75x10 
-4 

37.37x10 75.3017 9.05x10 
49.22x10 -6 75.2749 9.12x10 
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TABLE I (cont.) 

Annealed and Fold Worked 2.81 x 104 
4 

1 3/in- 
r7' 

302.8 °K 

375°- 

476.5 °K 

503°' 

1.86x16 -6 

2.96x1C -6 

4.15x10 -6 

7.72x10 -6 

10.45x10 -6 

15.73x10 -6 

20.64x10 -6 

29.82x10 -6 

41.28x10 -6 
6 52.26x10 -6 

62.35x10 
73.45x10-6 -6 

81.96x10 -6 

2.50x10-2 
3.66x10-6 
4.84x10-' -6 
8.98x10 
13.56x10-° 
25.82x10-2 
33.42x107 
45.66x10-? 
58.72x10-° 
69.78x10-6 

- 
2.59x10 a 

6 

5.35x10-6 
- 9.76x10 6 

13.56x10 
19.73x10 

, 
26.60)(10 

6 

32.85x10-v 
-6 38.43x10 

49.23x10-v 

2.52x10 
5.20x10 -6 

9.32x10 -6 

13.06x107 6 

76.6057 
76.5939 
76.5891 
76.5826 
76.5725 
76.5682 
76.5446 
76.5392 
76.5010 
76.4864 
76.4304 
76.4130 
76.3916 

77.0786 
77.0852 
77.0852 
77.0751 
77.0407 
77.0368 
77.0319 
77.)045 
76.9238 
76.8310 

77.0646 
77.0454 
77.0353 
77.0234 
77.0137 
77.0045 
76.9954 
76.9870 
76.9711 

77.3288 
77.2927 
77.2895 
77.2841 

Q-1 

-4 
8.55x10.4 
8.35x10_4 
8.06x10_4 
8.15x10_4 
8.21x10_4 
8.27x10_4 
8.23x10_, 

8.14x10 
8.15x10_A 

8.31x10-4 
-1 8.43x10 

10.81x10-4 -4 
10.02x10_4 
10.03x10_4. -4 
9.23x10 
10.03x10_4 
9.05x10 ,,-4 
9.27xiu_4 
9.51x10_4 
9.85N10 1 

10.28x10 

7.57x10-4 
7.71X10 

7.85x10_4 
,-4 
-4 

8.08x10 
8.21x10_4 
8.35x10 
8.56x10 

-4 
-4 

9. 9.26x10- 

9.41x10 
- 

9.30x10 
-4 

8.89x10_4 
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TABLE I (cont.) 

Annealed and Cold Worked 2.81 x 104 
4 

1 s/in- 

T E 

503°K 

19.13x1C -6 
.0,40 

-6 

' -6 
31.75x10 77,2696 -6 37.05x10 
48.20x10-' 

4. 

77.2782 
77,2727 

77,2675 
77.2556 

1 

8.83A0 -4 -4 
8.91x10 -4 
9,11x10 
9,29x10 

-4 

9.62x10 
-4 

4 
Annealed and Cold Worked 5.62 x 104 Ls/in 2 

T 4. 

304.5 °K 

374°- 

- -4 2.15x101 74.9169 6.98x10 
--6 -4 7.47x10 4.64x1U -G 74.9023 

7.47x10-' 7.13x10_6 -6 74.8896 
-4 9.53x10 _-6 74.8820 7.17x10_4 
-4 13.75xiu . 74.8613 8.00x10 
-4 

17.65x1u 74.8479 8.27x10_4 - 
20.38xiu --- 

6 

74.8213 8.53x10 
8.67x10_4 :: 

23.52xiu 74.8134 
- 

32.56x10 74.7958 9.13x10_4 -6 
39.94x10_6 74.7792 9.08x10_4 -.4 
48.80)ìa 74.7675 9.27x10 
57.09x10 -6 74.7546 9.73x10-4 -4 75.40x10 74.7380 10.03x10 
84.85x10 

,-6 
74.7326 10.71x10 

3.94)(10 -6 
8.45x10 , --6 
12.68x10 
16.49x10 

-6 
-6 

19.89x10 --6 
26.93x10 
34.72x10 
41.26x10_6 --6 
47.73x10 -to 
57.17x10 
66.37x10 

-6 

74.66x10 
-6 

74.7802 
74.7717 
74.7632 
74.7480 
74.7392 
74.7258 
74.7092 
74.6992 
74.6892 
74.6708 
74.6560 
74.6516 

7.33x1 0_4 
-4 

6.88x10 
7.10x10_4 
7.25x10 -4 

7.70x10 -4 
-4 8.38x10 

9.13x10 
9.80x10 

-4 

10.33x10 -4 
- 11.38x10-4 4 

11.91x10 -4 

13.03x10 -4 

92 

Q-1 

Í. 

E 



TABLE I (cont.) 

Annealed and Cold Worked 5.62 x 104 1 3 /in2 

T 0 Q-1 

435.5 °K 

1.24x10 
-k, 

2.73x.10-5 
4.14x 1 06 

- 5.72x_10 , 

10.61x10 
13.17x10 -6 
15.66x10 
24.20x10 
32.40x10 
35.05',00 

-6 

42.20x1) 
6 49.97x10 

1. 74x1)'e 
3.48111`0 
4.89x10 
6.88x1 ?'6 
8.37x10 

11.85x1.!? 
16.90x10`6 
20.96x10 
24.78x10 
32.73v1J'6 
40.68x10 
46.07x10 

74.9245 
74.9001 
74.9377 
74.9255 
74.9211 
74.9102 
74.9005 
74.8901 
74.8657 
74.8613 
74.8598 
74.8557 

75.3073 
75.3095 
75.3007 
75.2985 
75.3095 
75.3007 
75.2907 
75.2844 
75.2780 
75.2553 
75.2995 
75.2209 

8.54x10 -4 

8.092.:10-7 
7.93x10 
8.53x10 -4 

10.42x/0_`1 
11.0 x10 
11.51x10 -4 
12.20x10 

'4 12.90x10 
13.31x10 
13.55x/0'4 
13.79x10' 

13.36x10 -4 
11.16x13'; 
12.48x10 ' 

13.00x1.3_ 
13.21x10 
13.22x10 
13.951c3014 
14.10x10 -4 
13.98x10 -4 
14.32x10 
14.55x10_4 
15.58x10 

9 
Annealed and Cold Worked 8.15 x 104 1 i /in2 

T E fo 

298.5 °K 

1.28x10 
1.99x10 -6 

4.02x10_6 
6.13x10 
8.29x10 -6 
11.43x10 
14.17x10 

74.1999 
74.1708 
74.1511 
74.1337 
74.1188 
74.1079 
74.1010 

Q 
-1 

10.30x10 
9.98x10-4 
9.72x10-4 
8.54x10' 
8.25x10_4 
7.59x10 

-4 

6.92x10 -4 
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TABLE I (cont.) 

Annealed and Cold Worked 8.15 x 104lbs /in2 

T 

298.5°K 
cont'd. 

376 °K 

442 °K 

16.74x10-6 
19.55x10 
24.86x10 -6 
32.81x10 

-6 39.52x10 -6 

58.75x10 -6 

79.88x10 

1.16x10`6 
1.74x10 

6 3.40x10 -6 

6 6.80x10-6 
8.5 . 

13.67x10 -6 
6 

16.65x10 -6 

23.86x10- 
32.55x10 
39.77x10 
46.32x10 
60.07x10-6 
70.18x10 

1.24x10_6 
2.65x10 -6 

6 

4.23x10_6 
5.39x10 
6.71x106 
8.41x101 
11.43x10 
13.84x10 6 
19.47x10_6 
25.19x10 

6 
35.96x10 -6 
47.15x10 
58.08x10 

74.0966 
74.0888 
74.0734 
74.0659 
74.0478 
74.0346 
74.0278 
74.0085 
74.0002 

74.4106 
74.3908 
74.3564 
74.3334 
74.3281 
74.2976 
74.2775 
74.2646 
74.2558 
74.2392 
74.2143 
74.2011 
74.1794 
74.1665 
74.1577 

74.5288 
74.5117 
74.5051 
74.4829 
74.4506 
74.4384 
74.4182 
74.3930 
74.3542 
74.3205 
74.2580 
74.2087 
74.1816 

7.07x104 
7.22x10 
17.37x10 -4 
7.07x10 -4 
7.52x10 L4 7.37x104 
7.67x10_4 
7.97x10 
8.70x10 

8.94x10 4 
8.80x10 

/-4 
8.95x1_4 
8.86x10 
8.80x10 
8.51x10 
8.96x10 L4 
8.96x10_4 
8.67x10 

/-4 
8 .82x10 4 
8.96x10 

/-4 
9.41x10_4 
9.26x10 

/-4 
10.29x10 L4 
11.32x10 

7.74x10 
4 

7 .74x10 4 
7.60x10 4 
8.62x104 
8.77x10 

/-4 
8.18x10 

/-4 
8.78x10 

/-4 
9. 36x1 
9.96x10_4 
11.28x104 
10.70x10 L4 
11. 4 15x10 
11.01x10 

ankrim 

E 

5.30x10 
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TABLE I ( (' c ,;. 4 . } 

Annealed and Cold Worked 8.15 x 1041t3/in2 

T E o Q-1 

i.0acìû-6 
2.40x10 
3.23x10 
3.73x10 6 

4.3Dx10-6 
5.14x10 76 

6.79x10 
8.53x10 
12.43x10 -6 

17.81x10 -6 

25.94x10 

43.83x106 

74.8125 
74.7941 
74.7866 
74.7866 
74.7813 
74.7758 
74.7866 
74.7758 
74.7646 
74.7548 
74.7158 
74.6650 
74.5905 

13.34x10 

11.93x10 
-4 

11.56x10 -4 11.56x10 

12.15x10 
-4 

12.44x10 -4 

13.03x10 -4 
13.62x10 -4 
14.10x10 -4 
13.92x10 -4 
14.82x10 

-4 

13.03x10 



TABLE II ACTIVATION ENERGIES FOR ANNEALED AND COLD -WORKED STATES 
FOR THE REEDS OF PURE AND IMPURE VANADIUM. 

Activa- o Activa- ] tion Work tion 
:Energy x10-4 Energy 
in ev lbs /in2 in ev 

o Activa- 
Work tion 
x10-' Energy 
lbs /in2 in ev 

o Ac iva- 
Work tion 
x10 -4 Energy 
lbs /in2 in ev 

Co 
Work 
x10-4 
).bs /in2 

Ac iva- 
tion 
Energy 
in ev 

Vtrace -1 
V trace -2 

V1.0a/oHf 
1 

V1.0a/oHf 
-2 

V1.5a/oHf 
-1 

V1.5a/oHf 
-2 

V2.0a/oHf 
-1 

V2.0a/oHf 
-2 

0.068 

0.064 

0.050 

0.048 

0.044 

0.046 

0.043 

0.040 

1.47 

.843 

1.31 

1.24 

1.27 

1.29 

1.34 

1.32 

0.074 

0.073 

0.074 

0.071 

0.068 

0.070 

0.066 

0.064 

2.94 

2.81 

2.62 

2.47 

2.5-_ 

2.58 

2.68 

2.64 

0.083 

0.092 

0.062 

0.058 

0.052 

0.049 

0.047 

0.051 

5.87 

5.62 

3.24 

4.94 

5.08 

5.16 

5.36 

5.28 

0.125 

0.124 

0.052 

0.048 

0.034 

0.030 

0.033 

0.029 

8.52 

8.15 

7.62 

7.17 

7.38 

7.47 

7.76 

7.66 

0.135 

0.145 

0.046 

0.054 

0.028 

0.024 

0.027 

0.025 

s < 


