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ABSTRACT 

ber 7" feerr 

Molybdenum single crystals 1/8 inch in diameter were 

prepared by a zone-melting technique. Crystals were tested 

in tension in a special creep machine using a v/ery sensitive 

capacitance extensometer. Flow stress was measured on an 

Instron machine. Microcreep of the crystals was studied at 

stresses below half the macroscopic flow stress in the temp¬ 

erature range 200° to 300°K. at resolved shear strains of 

below 

The creep following addition of a stress increment was 

found to have two parts. In the initial portion the creep 

rate decreased rapidly, but approached a constant rate in from 

one to ten minutes. The stresses used produced constant creep 

rates in the range 10**^ to 1Q~® sec.”^. The effect of tempera¬ 

ture, strain, and effective stress on that rate was studied. 

The effective stress is the externally applied stress minus 

the internal back-stress. The internal stress was measured 

by finding the stress at which forward creep balanced back¬ 

ward strain recovery. 

The constant creep rate, following the initial creep, 

obeyed an equation of the form ^ = A sinh(~-£-), as predicted 
K I 

by Alefeld and others for creep at low effective stresses. 

The activation volume v was found to be in the range 15 to 

40 b^, decreasing with strain and decreasing at lower temperatures 

The parameter A contains the number of activable dis¬ 

location segments. The increase of A with strain was propor¬ 

tional to the increase of dislocation density as reported by 



Lawley and Gaigher. From the temperature dependence of the 

parameter A, the activation energy for the constant rate 

microcreep was found to be on the order of 0.1 ev. Results 

indicate that higher values obtained by other investigators 

for deformation of b.c.c. metals arises from a neglect of 

the change of the internal stress. 

The internal stress was found to rise strongly at low 

temperature with the same temperature dependence as that of 

the macroscopic flow stress. Extrapolation showed the internal 

stress should approach zero at 360°K. which is the point at 

which the flow stress of molybdenum has been found to become 

temperature independent. The internal stress did not appear 

to be an innate property of the b.c.c. lattice, but developed 

during small amounts of strain. Indications were found that 

the internal stress then decreases after the material is 

unloaded or during a return of the material to higher temperature. 

Mo detailed model for the creep process or for the recovery 

of the internal stress is presented. However, it is thought 

that cross-slip of screw dislocations plays an important role. 

It was concluded that the strong temperature dependence of the 

flow stress reflects a very high rate of work-hardening which 

strongly increases the internal stress during strains of 10 

or less. 
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CHAPTER 1 

INTRODUCTION 

In the study of the deformation of metals, one of the 

questions of greatest interest is that of the origin of the 

large temperature dependence of the yield stress in body- 

centered cubic metals at temperatures beloui 20% of their 

melting point. In the body-centered cubic metals it has 

been found that below about room temperature, as the temper¬ 

ature is lowered, the yield stress increases rapidly. In 

the low temperature range where the yield stress is high, 

deformation by fracture may occur before flow. This leads 

to a transition to brittle behavior characteristic of that 

class of materials. 

It is generally agreed that metals deform by the move¬ 

ment of dislocations. The slow deformation under constant 

stress, known as creep, is considered to be governed by the 

motion of dislocations which are temporarily held back by 

obstacles. By some thermally activated process, they can 

pass around the obstacles, cut through them, force them to 

move, or drag them along. 

In most studies of the deformation of metals, the assump¬ 

tion is made that the deformation is by a single, thermally 

activated process of dislocation motion. The deformation 

rate then is considered to be described by an equation which 

contains an attempt frequency and the probability that a 

given fluctuation of a dislocation segment will be success- 
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ful in overcoming the energy barrier of an obstacle that has 

temporarily halted its progress. The deformation rate, o , 

is then written 

Y * V exp - a exp - (—^ ) (1) 

where S) is the attempt frequency and is proportional to the 

number of activable dislocation segments. The exponential 

term gives the probability of success which is a function of 

both the effective stress T* and temperature T. H is the 

activation energy and represents the energy required for the 

dislocation segment to overcome the energy barrier of the 

obstacle. The term vr# represents the work done by the 

effective stress as the dislocation moves past the barrier 

and has the effect of lowering the barrier, v has units of 

volume and is generally called the activation volume. For 

a process of dislocation intersection it is associated with 

the volume bdi, where b is the Burgers vector of the disloca¬ 

tion and d is the intersection width (about two dislocation 

widths) and / is the spacing between the "forest" dislocations 

which thread the glide plane. 

Many attempts have been made experimentally to determine 

the parameters H and v for deformation of b.c.c. metals and 

from them to infer possible processes by which the dislocations 

overcome barriers to their motion. From equation (1), neglect¬ 

ing possible variation of 9 and of v itself, with stress, 

(2) 
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Experimentally the deformation parameters v and H are usually 

determined from macroscopic stress-strain tests. Tests to 

determine v are done at constant temperature. The strain rate 

imposed on the specimen is changed by varying the speed of the 

testing machine and the change of yield stress is observed, 

giving , The apparent activation volume, v*, as it is 
A T 

obtained experimentally, is 

v* = kT ( ^-ff. )j 
AT 

(3) 

v* can also be obtained in a similar manner from a creep test 

by measuring the creep rate before and after adding an incre¬ 

ment of stress to obtain (iiEl)y 

The apparent activation energy is obtained from equation 

(1) as 
>L> i _ V 

(4) .* . /^lnVN H = - k (— 

which again neglects possible variation of 0 , although the 

latter is almost certainly a function of temperature. Experi¬ 

mentally an apparent activation energy H* is obtained by 

Ain V 
measuring 

Vi) 
from stress-strain tests or from creep tests 

at different lemperatures. 

from the values of v* and H* obtained in the above way, 

investigators have suggested possible models for the movement 

of dislocations and have tried to identify the types of obsta¬ 

cles restricting their motion. The temperature dependence of 

the proposed mechanisms is then used as an explanation for the’ 

temperature dependence of the macroscopic deformation. Although 
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opinion varies widely, the chief mechanisms proposed are the 

following: 

1. Overcoming of intrinsic lattice potentials (Perierls 

stress) 

2. Interaction of dislocations with impurity atoms 

3. Intersection of dislocations 

4. Motion of jogs 

5. Cross slip 

On the microscopic level, deformation by the movement of 

dislocations occurs under the influence of an effective stress 

on the dislocations which is the externally applied stress less 

some internal stress arising from within the material which 

opposes the motion of the dislocations. A basic problem of 

macroscopic studies of the deformation of materials is that 

investigators have little or no knowledge of that internal 

stress. As a result, its effect is neglected or a constant 

value is assumed. 

One of the people most active in the study of deformation 

of body-centered cubic metals is Conrad who with his co-workers 

has published several papers^"*^ on the subject. Some of those 

papers have presented new results, such as the recent paper by 

Stone and Conrad^^ on creep in Niobium at low temperatures, 

(5) 
while others such as the one by Conrad and Hayes have 

emphasized features of the results of a number of investigations 

common to all b.c.c. metals. 

In all of these papers, the basic approach has been to 

separate the yield stress into an athermal component, almost 
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independent of temperature, and a thermal component. This 

distinction is drawn from curves of yield stress versus 

temperature. Above some point, usually around room tempera¬ 

ture, the yield stress becomes temperature Independent, That 

temperature is called TQ, and the yield stress there is taken 

as the athermal component of yield stress. At lower tempera¬ 

tures the athermal component is considered to vary with 

temperature only through the slight change of yt/ the shear 

modulus, Conrad designates the athermal component as 

to emphasize that dependence on . The remainder of the 

yield stress he calls T"*» the thermal component, so that 

T* * 7“, . Conrad has shown that plots of r* versus 

T-T 
 (where T is the melting temperature) give good agree- 
'm 

ment for all b.c.c. metals. He holds that the good agreement 

of such curves is an indication that one controlling process 

is common to all b.c.c. metals. Lack of a pronounced depen¬ 

dence on purity or prior deformation is interpreted as excluding 

any process involving the dislocation structure or impurity 

atoms. Thus Conrad and his co-workers conclude that deformation 

in b.c.c. metals is controlled by the single process of over¬ 

coming the intrinsic lattice potentials known as the Perierls 

stress. Conrad further justifies this conclusion by showing 

that the dependence of the activation volume and energy on T* 

agrees with predictions of a model given by Seeger^^. However, 

it must be pointed out that Conrad's parameter 7-* is not an 

effective stress on dislocations but is more nearly a tempera¬ 

ture parameter which tends to zero around room temperature. 
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His treatment also neglects the possibility of a temperature- 

dependent internal stress which would lead to a distinction 

between the "thermal component of yield stress" and an effec¬ 

tive stress acting on the dislocations. 

An investigation similar to those reviewed by Conrad and 

Hayes^®) was carried out by Youngblood^®) for molybdenum crystals 

tested in shear. From values of the apparent activation energy 

and volume, Youngblood concluded that deformation of molybdenum 

is controlled by a process with the rather high activation 

energy of 1.3 ev.j this he associated with the nonconservative 

movement of jogs. 

Gregory^) has studied the temperature variation of the 

flow stress in polycrystalline Columbium. Basing his analysis 

on an assumption that the change of applied stress with the 

change of temperature equals the change of effective stress on 

the dislocations, he obtained activation energies of 3.3 ev. 

From that value, and from results of subsequent studies of 

resistivity changes during annealing, he concluded that in 

the range 0° to 900°C the temperature variation of the flow 

stress is governed by nonconservative movement of vacancy 

producing jogs in screw dislocations. Whitmire^**) has per¬ 

formed a similar study on molybdenum single crystals and reached 

similar conclusions. 

Creep tests of molybdenum single crystals in shear have 

been performed by Davidson^®). His tests suggested that two* 

not one, main processes may be occuring during the deformation 

since his creep curves showed two portions of the creep follow- 
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ing addition of a stress increment—an initial region of 

rapidly decaying transient creep plus a later region of more 

slowly decreasing transient creep. He suggested that the 

initial transient region was associated with cross-slip of 

dislocations, although he obtained a value of 1.5 ev. as 

the apparent activation energy which, he points out, seems 

too large for cross-slip. 

Arsenault and Uleertman^^ in a study of creep in <x- 

iron at low creep rates near 1D“® sec**^ also have reported 

that the creep upon adding a stress increment was found to 

consist of two distinct parts—an initial portion where the 

creep rate decreased rapidly and a second portion in which 

the rate appeared constant. The initial portion lasted from 

one to ten minutes. 

Kossowsky^^ using a capacitance type extensometer system, 

much like that used in the present tests, has studied the 

anelastic behavior of crystals of molybdenum and iron at 

temperatures ranging from 300° down to 5°K, In the small 

strain region, he studied the temperature dependence of both 

Z~£-, the elastic limit determined by the stress to produce a 

damping loop, indicating some restricted dislocation motion, 

and T*ft, the anelastic limit or stress to form an open damping 

loop, indicating the onset of permanent plastic deformation. 

He found in both iron and molybdenum that remained low even 

at 5°K. Kossowsky believed the low values of and 7^ to be 

evidence against a large Peierls stress, since that would pre¬ 

dict a large increase in at low temperature. His measurements 



of on the other hand, showed a stronger temperature 

dependence and it was shown that a small deformation at 

low temperature greatly increased 7"^. On the basis of those 

observations he concluded that the strong dependence of the 

yield stress of b.c.c, metals arises not from any intrinsic 

mechanism but rather reflects an extremely high rate of work¬ 

hardening, particularly at low temperature. A similar con¬ 

clusion was reached a bit earlier by Brown and Ekvall^^ for 

iron from their microstrain studies. From consideration of 

deformation structures in molybdenum, Lawley and Gaigher^^*^) 

have reached similar conclusions. 

In tests where the activation energy is measured by 

comparing the flow stress obtained from tests at different 

temperatures an essential assumption is that the structure and 

hence the internal stress, 7^, is little affected by the change 

of temperature. When that is true, the observed change of 

yield stress is the change of effective stress. But results 

of Brown and Ekvall^^ and of Kossowsky(^) indicate that at 

low temperature, strains of even 10“^ change the structure more 

than has been generally realized. Since the conventional measure¬ 

ments of flow stress involve strains of at least 5x1the 

structure is changed during testing, and the observed change 

of yield stress can not be taken as a change of the effective 

stress. Nor can flow stress curves be compared for different 

specimens strained at different temperatures since it has been 

3hown(^“^) that the structure formed depends on the tempera¬ 

ture at which the material is deformed. 
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Recent results of Stein and Low^17) show that the stress 

to move unpinned edge dislocations in silicon-iron has the 

same temperature dependence as the macroscopic yield point. 

They concluded that the motion of dislocations at low temp¬ 

erature is limited by some internal "frictional" stress. From 

their etch pit studies, they find that at low temperature the 

dislocations emitted from sources move largely on a single 

slip plane. Pictures clearly show straight lines of etch pits 

from dislocations which have moved outward from a common source. 

At higher temperatures more cross-slip of dislocations to paral¬ 

lel slip planes is indicated by the pictures. 

The parameter which remained an unknown to all those 

investigators was the internal stress due to the dislocation 

structure of the crystal. It appeared that if the internal 

stress could be measured in some way, it should prove helpful 

in bringing order out of the wide range of opinion concerning 

deformation of body-centered cubic metals. 

A technique for measuring r^, the internal stress, was 

suggested by Dr. J. M. Roberts. The technique was first applied 

in his work with Brown on the anelastic behavior of zinc^10). 

It has since been used by Bresie and Roberts^^*^0) to measure 

in a study of microcreep of magnesium. In this technique a 

capacitance type extensometer is used to provide high resolution 
) 

of the strain while the specimen is tested in a creep apparatus. 

While low rates of creep are proceeding under the influence of 

the difference between the applied and internal stress, if the 

applied stress is suddenly reduced to a lower value such as to 
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give a zero creep rate, then the internal and applied stresses 

must be just balanced, at that point, providing a measure of 

the average internal stress. In practice, two stresses are 

found—-the first at which forward creep still is detected 

following the abrupt change of the applied stress and a second 

at which a small negative creep rate is detected indicating an 

applied stress less the internal stress. This technique was 

used to establish a bracket and from that, the value of the 

internal stress determined. 



CHAPTER 2 

EXPERIMENTAL PROCEDURE 

SPECIMEN PREPARATION: 

The crystals used in these tests were grown from 1/0" 

diameter by 8" long molybdenum rod obtained from the Dover 

Wire Plant of the General Electric Company. An analysis of 

the lot, supplied by the i company, showed the following 

impurities: 

Element ppm. Element 

Na 2 Mg <10 

K 1 Sn 19 

A1 < 8 Co < 8 

Ca 9 Ti <10 

Si 15 Ag < 1 

Fe 25 Pb <10 

Cr <8 Zr <10 

Ni 7 C 20 

Cu < 10 °2 8* 5 

W 67 N2 
4t4 

Mn < 10 H2 
1+1 

mm 

The crystals were grown by an electron-l beam zone-melting 

technique. The equipment used has been described by Youngblood 

The crystals used for the creep tests, designated Mo 300 and 

Mo 345, were 5 and : 3 pass crystals respectively. In addition 

to these crystals, a four pass crystal, Mo 316, was used in a 

macroscopic test. All zone passes were made at 0.15 in/min. 
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The vacuum during the final zone pass was 8 x 10"® torr for 

Wo 300, and 3 x 10“6 torr for Wo 345 and 316. Although 

resistivity ratios were not measured on these crystals, 

measurements by L. D. Whitmire (21) of the resistivity ratios 

of similar crystals prepared from the same lot of starting 

material and by the same equipment showed ratios of about 

500 for g—. 
R4.20K 

The orientation of the crystals was controlled by the 

use of a seed crystal. Crystals Wo 300 and 316 were oriented 

to have the maximum resolved shear stress in tension on the 

(211.) [ill] slip system with an orientation factor cos & cos ft = 

0.494. Crystal Wo 345 had the maximum resolved shear stress 

on the (101) [ill] system with an orientation factor cos « cost's 

0.498. The poles of the tensile axes of the crystals tested 

are shown referred to the standard stereographic triangle in 

Figure 1. The orientation of the crystals was determined by 

the Laue back-reflection technique of x-ray diffraction which 

allows the determination of orientation within 1 or 2 degrees. 

Following initial creep tests, of crystals 300 and 345 and before 

testing crystal 316, each was given a 48 hour anneal at 800°C in 

vacuum to establish a uniform structure. 

EXPERIMENTAL APPARATUS: 

General: 

Creep tests were performed using a specially built creep 

machine having a maximum capacity of 1000 pounds exerted on the 

specimen. The specimens, gripped by Templin type grips, were 
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loaded in tension. Strain was measured by a capacitance gauge 

extensometer connected to a Wayne Kerr Electronic Micrometer*, 

the output of which was recorded by a strip chart time-base 

recorder. Temperature was controlled by surrounding the 

specimen with a stainless steel jacket immersed in a temperature 

bath of water or methanol. The bath temperature was maintained 

at lower temperatures by passing liquid nitrogen through an 

immersed coil located inside a stirrer used to circulate the 

bath, 

Testino Machine: 

The creep tests were performed using the balance-arm type 

creep machine designed and described by Bresie^O) ancj David- 

son^^. This machine has a lever arm with a multiplication 

ratio of 20:1. The length is slightly adjustable so that the 

ratio may be made exact to within 0.1^. For the later part of 

the tests, a second balance-arm or beam was added on the left 

side of the machine. That arm made it possible to reduce a 

load applied through the right beam by adding a weight pan with 

a load to the left beam as a counterweight. The length of that 

beam from the central pivot was equal to that of the right beam. 

The double balance-arm creep machine is shown in Figure 2. 

Chrome plated, brass scale weights were used in the weight 

pan to establish an initial load at the start of a creep test. 

Additional load increments were applied by pouring weighed 

*Wayne Kerr Corp., 1633 Race Street, Philadelphia 3, Penn. 
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amounts of sand into ths load pan. ASTM C-109 Ottawa Testing 

Sand, weighed out with a Cent-o-gram triple beam balance* was 

used. That method of loading was found to work well since the 

sand could be applied gently but rapidly, introducing a mini¬ 

mum of vibration. Generally the scale weights were used to 

preload to the point of just resolvable creep rates. There¬ 

after the sand was used to apply load increments calculated 

to raise the applied resolved shear stress, by 0.20 or 

0,25 kg/mm 

The crystal was gripped at its ends by Templin type grips 

which contain three, toothed jaws inside a cone-shaped external 

portion. They are forced down and against the specimen by the 

threaded top, but when load is applied the jaws are pulled 

against the conical surface and lock even more tightly onto 

the specimen. No slippage of these grips was encountered? 

moreover, they proved easy to apply and to remove. The grips, 

shown in Figure 3, were made with a ball at the end. The balls 

fit into seats in the baseplate and on the pull-rod as shown in 

Figure 4. These ball joints provided axial loading of the speci¬ 

men as would a universal joint, while allowing easy insertion and 

removal of the specimen for checking or adjusting the parallel 

plates of the strain gauge described below. 

Strain Measurement: 

For these tests, strain was measured using a parallel plate 

*0haus Scale Corp., Union, N. J 
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capacitance gauge extensometer in conjunction with a i/Jayne 

Kerr Electronic Micrometer (model B-721, serial no. 99). 

Such a system, along with the calibration procedure, has 

been previously described by Hartman, Bresie, and Roberts^^. 

The calibration procedure has been explained more fully by 

Bresie^^) and more recently by Hartman(23). 

The strain calibration of the recorder chart was accom¬ 

plished as follows. The Ulayne Kerr meter uses an internal 

parallel plate capacitor attached to a micrometer head, which 

is balanced against the capacitance of the external gauge. Let 

the subscript i refer to the plates internal to the meter and e 

refer to those of the external gauge. Tor a parallel plate 

capacitor, C = 0.225KA/d (where C is the capacitance in pica- 
9 

farads, K the dielectric constant, A the plate area in in. , 

and d the plate separation in inches). Then at balance, since 

= Ce, Aj^/di s Ae/dB or A^/Ag = dj/d0. By attaching the 

external gauge to a micrometer fixture, setting values of de, 

and reading the corresponding d^ at balance, a plot of d^ vs dQ 

was obtained which was linear. From that plot, the ratio Ae/A£ 

was found to be 1.220. The output of the bridge is proportional 

to the imbalance of the two capacitors. AV = k^C, where k is a 

constant of the meter which may change slowly with changes in 

the electronic components of the meter. 

Difficulty of calibration arises since at the small gap 

used for d0 the Ad is much too small to measure accurately. 

However, between two balance points, the relationship 
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(4) 

holds for the internal or external gauge so that 

d«d e 
(5) 

The de2 was established by substituting a standard capacitor 

(~ 2//< F), supplied with the meter, for the external gauge. 

The balance point of the Wayne Kerr then gave d^2- With the 

meter balanced, the adjustable zero of the strip chart recorder 

was set to the midpoint of its chart on the 100mv range. 8y 

moving the micrometer off balance, the pen of the recorder was 

deflected to the extremes of the chart (i. 50mv) for a V of 

100 mv, and the d^ was noted. Thus ( A dj/A v)d£=d^2 was 

determined. The calibration of the scale of the recorder could 

then be determined from knowledge of the balanced micrometer 

setting d^ for the working gap, through the use of equation (5). 

The above calibration was carried out at the start of each creep 

run. Values of d^-j were taken after rebalancing the meter at 

every stress level, A new value of the strain calibration was 

then calculated by equation (5) for each increment of stress. 

Clearly the calibration becomes quite sensitive to the spacing 

between the plates of the gauge at small spacing, through the 

term involving the square of that spacing. Ultimate resolution 

of the system is believed to be about 1CT1^ to 10"^ in.^2)^ 

but problems of thermal stability dictated a useful resolution 

of about 10“7 in./in. obtained with a gap of around 0,015 inch. 



17 

It has been Found that fluctuations of lino voltage can 

slightly affect the ssnsitivity of the Wayne Kerr meter. A 

Sola** constant voltage transformer was used to minimize such 

changes. 

The gauge consists of two halves attached to the speci¬ 

men, The halves of the gauge support circular plates concentric 

with the specimen which operate as a parallel plate capacitor. 

The gap between the plates was adjusted by turning the lower 

plate which was threaded to the lower part of the gauge affixed 

to the crystal. The lower plate was grounded through its 

attachment to the specimen. The upper plate consisting of three 

concentric rings—an active plate with a shield portion on either 

side, was attached to a flexible double-shielded cable 3 mm in 

diameter. The inner wire connected to the active plate while 

the inner shield connected to the shield plates and the outer 

grounded shield attached to the upper part of the gauge. This 

flexible cable attached by a special plug to a Kovar seal elec¬ 

trical feedthrough in the top plate of the specimen cage. A 

cable then connected the feedthrough to the Wayne Kerr meter. 

Use of this plug and feedthrough allowed the gauge to be dis¬ 

connected easily and the specimen lifted out for inspection or 

adjustment. 

The gauge used was originally designed by D. Hartman 

for use with 1/2” diameter specimens, but was adapted for use 

with the 1/8" diameter specimens. As originally built, the 

*Sola Electric Company, Chicago, Illinois, 
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gauge attached to the specimen by pointed set screws to estab- 

lish a gauge length of 1,00 « .01 inch. To adapt the gauge, 

inserts were designated and built which slipped into the gauge 

and were gripped by the set screws, The inserts extended out¬ 

side the original gauge, giving a total gauge length of 2.031 

.02 inch. Attachment of a gauge to a specimen by pointed set 

screws produces severe local deformation. Such deformation of 

small diameter specimens is highly undesirable. Therefore, a 

type of split-ring, compression collar was developed to provide 

better distribution of the gripping force. This collar consisted 

of a washer 1/16” thick cut into three equal wedge-shaped parts. 

These fitted into a recess at the outside end of the gauge 

insert and were held by a retaining plate. Three flat-endsd 

set screws, threaded through the wall of the insert, pressed 

against the outside of the wedges, forcing them against the 

specimen. By making the inside hole of the washer the same 

size as tho specimen diameter, good contact with the specimen 

was achieved. The arrangement worked well in keeping the gauge 

secure even during macroscopic yield tests where loosening of a 

gauge mounted with set screws has proved a problem. Examination 

of the specimens after testing, showed no severe local damage 

due to the collar and neither of the specimens necked in the 

vicinity of the attachment. The gauge, mounted on the specimen, 

is shown in Figure 3 while a cross-sectional drawing of the gauge 

and insert is given in Figure 5. 

In operation, the spedimen and gauge were mounted as shown 

in Figure 4 and connected to the Wayne Kerr meter as explained. 
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This meter uias balanced by use of the micrometer head. The 

instrument then acted as a bridge circuit to detect changes 

of the capacitance of the specimen gauge. When the parallel 

plates moved apart due to strain of the specimen, the meter 

indicated the unbalanced condition of the bridge and furnished 

an output proportional to such imbalance. That output was 

recorded by a Varian strip chart recorder*, model G14. The 

recorder was generally operated on its 100 mv full scale range 

and provided two chart speeds of 8 in/min. or 1 in/min. as 

selected by a switch. 

For convenience in following the creep of the specimen 

over a wider range of strain than allowed by the recorder 

sensitivity, without rebalancing the Wayne Kerr or sacrificing 

resolution, a 100 mv per step zero-suppression box was built. 

This was a very simple but useful device which provided 5 steps 

plus or minus of 100 mv each for use in shifting the recorder 

zero. The box contained a 1.5 v dry cell connected to a series 

of 5 K -1% resistors. Calibration of the steps was accomplished 

by adjustment of a series potentiometer. The calibration was 

checked against the recorder and periodically with a Leeds and 

Northrup potentiometer**, model 8686. Since the creep rate data 

taken was from the slope of the recorded curve, shifts of the 

zero with a zero-suppression device have no effect on the 

observed creep rates. 

*\/arian Associates, Palo Alto, California. 

**Leeds and Northrup Co., 4901 Stenton Ave., 
Philadelphia 44, Pa. 
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A schematic diagram of the strain measuring circuit is 

given in Figure 6. The instruments described are shown on 

the table to the left in the picture in Figure 2. 

Temperature Control and Measurementi 

The temperature of the specimen was measured by use of 

an iron-constantan thermocouple and a Leeds and Northrup 

model 8606 potentiometer. During the creep test, the thermo¬ 

couple junction was placed in contact with the specimen just 

above the upper part of the gauge and secured there by a 

capscrew fastened to the upper gauge insert. The thermo¬ 

couple cable was attached by clips to the pull-rod and brought 

out through the crosshead. The wire was small and flexible, 

but slack was left to avoid interfering with the specimen 

during a test. The reach-rods and baseplate of the specimen 

cage were surrounded by a stainless steel jacket which was 

immersed in a large stainless steel dewar made by Supsrairco*. 

This dewar was filled with water and was allowed to come to 

room temperature for the room temperature tests or was filled 

with a mixture of water and finely crushed ice for tests at 

0°C. At lower temperatures a methanol bath was cooled to the 

desired temperature by adding pieces of dry ice. Once the 

desired temperature was reached, it was maintained by a regu¬ 

lated low of liquid nitrogen through a coil inside the stirrer- 

heat exchanger used to circulate the bath. The bath temperature 

♦Superior Air Products Co., 132 Malvern St., Newark, N. J 
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was measured by an iron-constantan thermocouple located near 

the outlet of the stirrer. It was connected to a Leeds and 

Northrup Speedomax H, series 60, model S recording controller. 

That unit regulated a solenoid valve, controlling the flow of 

nitrogen to the cooling coil inside the stirrer. 

The stirrer-heat exchanger was constructed of 2 3/4” 

diameter, thin walled stainless steel tubing, 19" long, closed 

at the ends. The 1/4" diameter shaft with one 2" propeller 

was turned by a 1/20 hp, Dayton electric motor. The bath 

flowed in through a large hole in the side of the stirrer 

housing and flowed out the tube near the bottom. The cooling 

coil was of 1/4" copper tubing tightly wrapped in a helix inside 

the stirrer housing. A schematic cross-section of the outer 

dewar, stirrer, and jacketed test chamber is given in Figure 7. 

Another coil of tubing was wrapped around the outside of 

the stainless steel jacket which surrounded the specimen and 

was soldered to it. That coil entered the specimen chamber 

through the bottom of the jacket. A slow stream of nitrogen 

vapor was passed through the coil. The vapor passed through 

the coil in contact with the bath and picked up its temperature. 

Entering the specimen chamber, the vapor passed up around the 

specimen, cooling it, and flowed up and out through the cross¬ 

head of the creep machine. This dry nitrogen prevented condens¬ 

ation of water vapor from the air on the specimen and kept it 

free of ice. Flow was controlled by a micrometer valve located 

on the nitrogen supply line up stream from the solenoid valve. 
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Stress-Strain Test Equipment: 

A model TT-C Instron testing machine* was U3od for intro¬ 

ducing controlled amounts of strain into the crystals between 

creep tests and for measuring the macroscopic yield behavior 

of the specimens. For those tests, the specimen testing cage 

shown in Figure 4 was bolted below the Instron crosshead. The 

strain measuring circuit remained unchanged except that a 

Mosley Autograf**, model 2-D, x-y recorder was used in place 

of the strip chart recorder. The signal of the Instron load 

cell was applied to the y«axis and the output of the Wayne Kerr 

to the x-axis. This provided a stress-strain curve with the 

strain measured across the gauge length of the extensometer. 

The strain sensitivity was controlled by the spacing between 

the parallel gauge plates and by the amplification of the recorder. 

Straining was performed at room temperature with the speci¬ 

men surrounded by the stainless steel jacket except for a test 

on Mo 345 where the gauge was removed and the specimen and 

cage directly immersed in baths at different temperatures. 

For those tests, the time-base of the x-y recorder was used to 

give a stress-time record while the crosshead of the Instron 

imposed a constant rate of extension on the specimen. 

Electron microscopy; 

Samples were cut from the crystals after testing, using 

♦Instron Engineering Corp., Canton, Massachusetts, 

**F. L. Mosley Co,, Pasadena, California, 
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a Servomet spark cutter* with a wire slicer attachment. Disks 

0.010 inch thick, cut from the crystals were thinned to about 

0.002 inch using a Zeiss-Jena electropolisher** using a solution 

of 2S% l-^SO^ in methanol, final thinning of the specimen was 

accomplished holding the disk with platinum tipped tweezers 

while electropolishing at 4 volts with a stainless steel anode 

in a solution of 25% H2SQ4 in ethyl alcohol. Areas around holes 

in the specimens were examined using a Phillips EM 200*** 

electron microscope at 80 kv and 100 kv accelerating potentials. 

TESTING PROCEDURE} 

The tests performed can be divided into two classifications: 

incremental stress creep tests performed on the creep machine 

and flow stress tests performed on the Instron testing machine. 

Creep Tests: 

for the creep tests the equipment was set up as has been 

described. Visual inspection of the gauge plates assured that 

the plates were parallel to within 1°. An analysis by the 

manufacturers of the Wayne Kerr meter reports that if the plates 

are out of parallel by 1°, the error introduced is 0.1J&; 0° out 

of parallel introduces an error of 1%, 

*f*letals Research Ltd, Cambridge, England, 

**Carl Zeiss-Jena, "Electpovist"-U.S. Dist., Brinkman 
Instruments, Cantiague Road, Westbury, N. Y., 11590. 

***Phillips Electronic Instruments, 750 Fulton Avenue, 
Hit. Vernon, N. Y. 
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After the specimen had been inserted into the creep 

machine, the stainless steel jacket and the deuiar containing 

the temperature bath were raised. A time of two hours or more 

was then required for the system to reach satisfactory thermal 

stability. The linear coefficient of thermal expansion of 

molybdenum is 5.1 x 10“^ per degree The gauge, made 

largely of brass, had a somewhat higher coefficient of expan¬ 

sion. If the specimen temperature rose, the specimen would 

expand slightly, but the halves of the gauge would expand a 

bit more, leading to a net decrease in the spacing of the 

plates. Such a change of the gap was reflected as drift of 

the recorder. Due to the mismatch of the thermal expansions, 

the gauge was sensitive to changes of temperature on the order 

of 0.01°C, Before starting a test, a record of the thermal 

drift was made for a period of at least 20 minutes. The drift 

rates were generally low enough to be negligible compared to 

the creep rates studied; however, the drift was considered and 

applied as a correction in analyzing results at the lowest 

creep rates. The reading of the Wayne Kerr motor was noted 

with the weight pan empty and the beam balanced for comparison 

with the value at the end of the test. 

An initial load was added to the weight pan to give a 

desired stress level in the specimen. ThB Wayne Kerr meter 

was balanced and any creep occurring was recorded for a period 

of 20 minutes. After that period, the balance of the Wayne 

Kerr meter was offset and an increment of stress added by 

pouring sand into the weight pan. The offset of the Wayne 
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Kerr meter was set such that the elastic strain as a result of 

the stress increment brought the meter to its balance and 

brought tho recorder on scale. The chart then showed the end 

of the strain from the loading and gav/e high resolution of 

the subsequent creep. An example of the original data is 

shown in Figure 8, The creep was followed for a period of 

about 20 minutes. At the higher stress levels, and hence 

higher creep rates, that time was reduced to minimize the 

total strain introduced into the crystal during a test. After 

the creep had been recorded for a period, the balance of the 

Wayne Kerr was again offset. A weight pan with a load was 

then hung gently on the hook of the left beam of the creep 

machine, counterbalancing part of the previously applied load. 

The elastic contraction of th8 specimen returned the Wayne 

Kerr meter to its balance and brought the recorder back on 

scale. The effect of the change of stress on the creep rate 

was determined from the recorder. By a sequence of trials, 

the stress which produced just detectable forward creep fol¬ 

lowing the change was determined. The counterbalancing weight 

pan was removed and a bit of load added to it so that when it 

was again hung on the beam of the creep machine, a bit of nega¬ 

tive creep was detected following the change. In that way, a 

band was established bracketing the value of the stress to pro¬ 

duce a zero creep rate following the change. The mid-point of 

the band was taken as a measure of the internal stress 

Figure 9 (a) and (b) show examples of original data with for¬ 

ward and reverse creep following the change of the applied stress. 
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The counterbalancing load was removed, returning the 

specimen to the former total stress level *zr°r The I'Jayne 

Kerr meter was again offset and another increment of stress 

added. The series of steps was repeated for about 15 incre¬ 

ments. Finally the weight pan was removed, emptied, and 

replaced. The Wayne Kerr meter was rebalanced for zero applied 

stress and the reading at balance of its micrometer compared 

with the value recorded during the initial drift check. The 

difference reflected the total permanent strain introduced 

by the test. The strain could be determined to about 2x10“^ 

in that way. 

The tests on crystal Mo 300 and early tests on filo 345 

were made without the second beam and no measure of the 

internal stress was made. Results for those runs report 

stress only in terms of the externally applied stress, Ta. 

Straining of Crystals: 

At various points during the series of creep tests, the 

crystals were moved from the creep machine to the Instron 

testing machine for the purpose of introducing controlled 

amounts of strain and making measurements of the flow stress. 

For those tests the specimen cage was bolted to the lower side 

of the Instron crosshead. As explained, the strain measuring 

system was unchanged except for the use of an x-y recorder in 

place of the strip-chart recorder. 

Before and after straining the crystal, attempts were made 

to examine load-unload hysteresis loops in order to obtain data 
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for these crystals suitable for comparison with the results 

of Kossowsky(^) who has studied microstrain in iron and 

molybdenum through a study of the occurrence of unidirec¬ 

tional hysteresis loops. The stress was cycled to successively 

higher values until an open loop occurred indicating detectable 

strain during the cycle. Strain sensitivity was 1 x 10**^. The 

lower ball joint acted as a slip-joint upon unloading, pre¬ 

venting the crystal from being compressed and bent. However, 

it appeared that when the joint was pulled tight in the loading 

portion of the next cycle, some binding occurred which disturbed 

the linearity of the loading curve. Better results were obtained 

by cycling above some small preload which maintained the align¬ 

ment. This type of difficulty also has been encountered by 

Kossowsky^^ and other investigators working with small 

diameter high modulus specimens. 

For introducing strain in the crystals the Instron was 

operated at a crosshead speed of 0.02 in/min. which, with the 

total length of the specimen between the grips, gave a strain 

rate near 10"^ per second. Some changes of strain rate were 

made using the push-button, quick change crosshead speed control 

of the Instron. However, few such changes could be made since 

it was desired to keep the total strain introduced under 1%. 

After the series of creep tests interspaced with strain¬ 

ing on the Instron had introduced S% resolved shear strain into 

crystal Mo 345, a test was performed to determine the flow stress 

behavior of the crystal over a range of temperatures. After 

measuring the flow stress at room temperature, the gauge was 
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removed and the specimen and cage were immersed directly in 

baths at temperatures of 273°, 247°, 224°, and 205°K. At 

each temperature the crystal was strained approximately 

Pronounced slip lines were found on specimen Wo 300 

after testing. To investigate those slip lines, crystal 

Wo 316 was strained without the extensometer, at room temp¬ 

erature to permit visual observation of the formation of such 

slip lines. The crystal was strained continuously to an 

extension of about 5% where pronounced mocking of the specimen 

began. 



29 

• 211 

FIGURE I 

Standard Stereographic Triangle Showing the 

Poles of the Tensile Axes of Crystals Tested 
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CAP SCREWS 

RETAINER PLATE 

CD SPLIT RING COLLAR 

FIGURE 5 

Cross Section of 
Tensile Capacitance Type Gauge 

with Split Ring Inserts 
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CHAPTER 3 

EXPERIMENTAL RESULTS 

Creep Rates: 

Analysis of data collected in the creep tests showed that 

following the addition of an increment of stress the creep rate 

was initially high. Over a period of one to ten minutes, 

depending on the rates involved, the creep rate decreased, 

finally approaching a constant value. The logarithm of the 

creep rate plotted versus the creep strain showed two distinct 

portions—an initial portion where the logarithm of the creep 

rate decreased linearly with creep strain and a second essen¬ 

tially constant rate portion*—connected by a short transition 

region. Figure 10 shows an example of the logarithm of the 

creep rate plotted against creep strain for two stress incre¬ 

ments. A feature of the figure is that the constant rate 

approached depended on the applied stress, Q, as shown by 

the difference in the levels of the horizontal sections of the 

curves. The present study was concentrated on the stress and 

temperature behavior of that constant rate portion of the creep. 

Also, from the time scale given in Figure 10, the short time 

required for the disappearance of the initial portion can be 

*It must be pointed out that the constant creep' rate, as 
applied in this study, is not constant in the same sense as 
secondary steady-state creep of face-centered cubic metals, but 
is more accurately a very slowly decreasing transient creep. It 
appears constant at the low rates over the small strains which 
occured in the relatively short periods of study. 
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noted. Ordinarily, the period between addition of stress 

increments was 10 to 20 minutes as opposed to 2 minutes used 

in the test shown in figure 10, thereby assuring that effects 

of the initial transient portion had subsided. Observation 

of the initial portion of the creep was difficult because the 

observed creep rate, just after a change of stress, was sensi¬ 

tive to the rate at which the stress increment was applied. 

Although the stress increments ware applied aver a period of 

one or two seconds, differences in the loading rate so affected 

the initial portion of the creep that consistent results could 

not be obtained from analysis of the initial transient creep 

portions for a series of stress increments. All of the follow¬ 

ing discussion refers only to the constant creep rates finally 

approached after the end of the initial period of transient 

rate creep. 

The level of the constant creep rate, following the transi¬ 

ent rate, was found to be insensitive to either the amount of 

the stress increment added or to the rate of application. In 

tests using varying sizes of increments, the creep rate approached 

after the transient depended on the total applied stress, Ta, 

but not ona» the size of the increments. Increments of AT3 

r\ 

of 0.20 or 0,25 kg/mm* were ordinarily used. The range of stress 

covered by each run was that range to produce constant creep 

rates of 10~9 to about 10~6 sec*”1. 

Plots of the logarithm of the constant creep fate versus 

the applied stress were essentially linear indicating an expo¬ 

nential dependence of the creep rate on stress. However, when 
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measurements of the internal stress, 7:^, were used to obtain 

the effective stress as 7-* » -Ty» the dependence of the 

constant creep rate on effective stress was better described 

by an equation of the forms 

Y = A sinh(~»jjr) (6) 

as predicted by Alefeld.^6) The significance of the sinh 

form of the relation is discussed in chapter 4. Curves of 

the form of equation (6) were plotted for each creep run where 

was measured, with A and v adjusted to give good fit to the 

observed data. Figures 11 through 19 show several such curves 

fitted to experimental data of y versus T*. Figure 20 shows 

values of the factor A, obtained from fitting curves to the 

data, plotted as a function of strain. Clearly this term in¬ 

creased with strain. 

Activation Volume; 

The activation volume v was obtained as the value of v 

from curves of the form of equation (6) fitted to the experi¬ 

mental data. For those tests on crystal fllo 345 for which the 

internal stress was obtained, the activation volume v is plot¬ 

ted as a function of the resolved shear strain, 2rp» in Figure 21, 

which shows that the activation volume decreased both with strain 

and at lower temperature. From that curve, Figure 22 was pre¬ 

pared to show the temperature dependence of the activation vol¬ 

ume by cross-plotting constant sections taken through Figure 21. 
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Internal Stress: 

The internal stress versus the applied stress is shown 

in Figure 23 For creep runs at different temperatures. As 

shown by the figure, the internal stress increased rapidly 

with applied stress until it reached a level where the inter¬ 

nal stress became constant. The constant value approached by 

the internal stress is designated The internal stress 

was strongly temperature dependent as shown by the wide sep¬ 

aration of the curves. The change of internal stress with 

strain is shown by Figure 24, which shows the value of 

as a function of strain. For comparison, a curve of the flow 

stress, Z"jr, measured at a strain rate of 10”4 sec**1 is included. 

Also shown in the figure is the curve of Z’^t the microscopic 

yield stress or anelastic limit, which was the stress to form 

an open loop. 

Figure 25 presents values of Z*^ versus temperature. The 

values shown were obtained in the last three creep tests on 

the crystal at a prior strain of about 5$. The flow stress 

measurements were made in the range of strain of 5-9$. Points 

of the jfp curve were taken in the direction of decreasing 

temperature until the crystal necked at 205°K at about 10% 

resolved shear strain. 

Problems of maintaining satisfactory thermal stability to 

permit measurement of the internal stress severely limited the 

range of temperature over which the internal stress was suc¬ 

cessfully measured. However, points obtained at 225°K, for the 
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first increments of a creep run, indicated that the increase 

of internal stress continues as temperature is decreased. 

Activation Enerov: 

The apparent activation energy for the constant rate creep 

obtained from the creep runs at a strain of 2.0% from a plot of 

In# vs y at constant ~jr=1 uias 0.06 ev. Strictly, this should 

be done for constant strain to preserve constant structure, but 

the above value was obtained by comparing results of creep runs 

made over a range of a few tenths of a percent strain. Measure¬ 

ments were not made at constant strain because of the time 

required to gain satisfactory temperature stability and the 

necessity for knowing v, so that measurements could be made 

at constant —~r « It should be noted, however, that the value 
rS I 

given above may be low because the assumption was made in 

obtaining that value that is not a function of temperature. 

If variation of is considered, 

*S> In if -r2/^ln-v>\ 
.1 -a T J ” k 
* T 

(7) 

However, as will be explained in Chapter 4, could be 
^ I 

negative. If it is, that would mean H0 is some larger than 

the value cited above. 

Effect of Annealing: 

In both crystals Mo 300 and 345, comparison of creep behavior 

before and after the annealing at 800°C showed that a hardening 
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was produced by the anneal. This can be explained as the 

result of impurity locking of the dislocations. Following the 

anneal the density of mobile dislocations is low but increases 

rapidly by multiplication. Figure 26 shows the constant creep 

rates for selected values of applied stress as a function of 

strain after annealing in Mo 300. The creep rates increased 

sharply to 0,2% strain, peaked, and decreased, as hardening 

(increasing 7^) overtook the effect of the increased number 

of mobile dislocations. The effect is reflected also in the 

curve of the anelastic limit or microscopic yield stress, 7"ft, 

versus strain shown in Figure 27. As shown, the value of 

decreased from the value in the locked condition to a minimum 

at around 0.2%> strain. Thereafter, T^ increased. 

Slip Lines? 

After the capacitance gauge had been removed from crystal 

Flo 300 following testing, slip lines were visible on the sur¬ 

face of the crystal, dispersed over its upper half. The slip 

lines, visible on all sides of the crystal, providing a well 

defined glide ellipse inclined at 42° to the specimen axis. 

Subsequent orientation by x-rays confirmed that the glide 

ellipse corresponded within 3° to slip on the (211) plana 

along the Lml direction. The slip lines were most profuse 

in the region of the crystal where necking had begun. The lines 

appeared straight along the sides of the ellipse but were wavy 

at the top and bottom of the glide ellipse, as shown in pictures 

in Figure 28 (a) and (b). 



43 

To permit observation of formation of the slip bands, 

crystal Mo 316 with an orientation similar to that of Mo 300, 

was strained on the Instron without use of the strain gauge, 

A load-time curve was recorded while the specimen was observed 

visually. No surface change was noted before an extension of 

2,5%, Beyond that point, slip lines appeared over the upper 

half of the crystal. Individual lines appeared and changed 

little after thBir appearance. No coordinated growth as in 

the propagation of a Luder’s band was seen. The slip lines 

became concentrated in the upper third of the crystal. Extent 

sion was continued until about 5%> extension, when noticeable 

necking began in the upper third.of the crystal, and the test 

was then stopped. Measurement of three 1" gauge sections 

marked on the crystal prior to the test, showed extensions of 

3% in the two lower sections and 9% in the upper section where 

necking had begun. Subsequent x-ray examination showed that 

the glide ellipse corresponded within 5° to slip on the ("211) 

plane in the [111] direction. The appearance of the slip lines 

was similar to those described for crystal Mo 300. 

No slip lines were seen on the surface of crystal Mo 345 

after testing. 

Effect of Orientation on the Flow Stress: 

Figure 4-20 presents curves of the flow stress measured 

at strain rates of about 10*"^ sec"^ for crystals Mo 300 and 

345, The paints shown, were determined while straining the 

crystals in increments between creep tests. The stress, 
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and strain, are values resolved on the slip systems which 

appeared to predominate. As shown in Figure 29, there was 

little difference between the two flow stress curves, indicating 

little orientation Bffect on the flow stress. 

Observation b* Electron Microscopy: 

Specimens cut from crystals Mo 300 and 345 after testing 

were thinned and examined by transmission electron microscopy. 

In general, the observations conform to those of Lawley and 

Gaigher^^. In the specimens which had been strained mainly 

at room temperature to approximately 5J& elongation, numerous 

long straight segments of dislocation were found such as those 

shown in Figure 3f. Formation of tangles appeared to origi¬ 

nate in the vicinity of precipitates thought probably to be 

M02C particles. One such tangle is shown in Figure 3fl. 
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CRYSTAL Mo 345 
Temp. = 2 9 7°K. 

FIGURE 24 
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FIGURE 26 
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CRYSTAL Mo 300 

Temp. = 297°K. 

6.0 - 

0 12 3 4 5 

FIGURE 2 7 



64 

Figure 28(a) 2Q0X 

Straight slip lines along the side of 
the glide ellipse of crystal Mo 300 after 
straining. Tensile axis is horizontal. 

Figure 28(b) 200X 

Wavy slip lines at the base of the glide 
ellipse of crystal Mo 300 after straining 
The tensile axis is horizontal. 
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Figure 30 40.000X 

Electron micrograph of Wo 300 thinned parallel to the 
(101) plane. Tangles such as the one shown above were 
found in the specimen following a strain of about 10%* 
Tangles appeared to originate around precipitates or at 
grown-in dislocations pinned down by the annealing. 

Figure 31 0O,OQOX 

Electron micrograph of Wo 300 thinned parallel to the 
(TQ1) plane. Prior strain was about 10^. Long, rather 
straight dislocations generally following the 111 
direction ware seen in much of the area examined. Some 
beginnings of the cell structure typically seen at high 
strains can be noted in the upper part of the picture. 





CHAPTER 4 

DISCUSSION OF RESULTS 

In a recant rov/ieui of the theory of creep, (^7) cru£3sartj 

has said, 

The first picture of a dislocation as an atomic con~ 
figuration as well as its application to plastic 
deformation, was given by Prandtlt2QJ in 1928. At 
about the same time, Becker 129] made a fundamental 
contribution to the subject of creep by applying the 
concept of activation energy and Arrhenius’ law to 
the deformation of crystals. 

Seeker considered that thermally activated plastic 

deformation can be expressed in an equation of the form 

if - 9 exp - (8) 

where V is the strain rate, -p is a frequency factor involving 

the number of activable segments, the strain per successful 

fluctuation, the attempt frequency, and an entropy term. H(r) 

is the activation energy (enthalpy), which is a function of 

the stress T , 

Usually the stress dependence of the activation energy 

term is written as 

H(r) = H0 - v-r<
30»31) (9) 

where vr represents work done by the stress, v has the units 

of volume and is generally referred to as the activation volum 

Qrowan(^) was the first to introduce a term to account for 

strain hardening or the effect of internal back-stress. When 

that term is included, the activation energy can be written 
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H(T) «* HQ - v( ra-rL) * H O ur* (10) 

where Ta is the externally applied stress and ^ is the internal 

stress. The difference -T^ is the net stress acting on the 

dislocation and is called the effective stress-**. The rate of 

deformation is then given by 

The activation volume is obtained upon differentiation of the 

logarithm of equation (11) as 

provided 9 and v are not functions ofr*» The activation 

volume can be determined experimentally by a creep test in 

which the change in creep rate for an incremental change of 
O 

Ain ^ 
the stress is measured, giving . The activation 

AZ* j 

energy is obtained from the logarithm form of equation (11) as 

(11) 

v (12) 

In X = In \> (11') 
kT kT 

H 

H o 

for small vr* a*J 'thil 

H o 
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In his study of creep in molybdenum, Davidson^10) found 

that the creep following a stress increment was not adequately 

described by an equation of the form 

* * TTT77* 

as it can be for f,c.c. metals^*^. In the creep rate range 

of 10*^ to 10*® sec*^, he found strong indication that the 

creep could be separated into two distinct parts—a rapidly 

decreasing initial rate and a more slowly decreasing rate- 

bridged by a short transition region. The current tests at 

lower stresses and lower strain rates than those studied by 

Davidson also indicate the presence of two distinct regions 

of the creep following a stress increment—the initial tran- 

sient rate which then approaches a constant creep rate, 

Measurement of the internal stress after the creep rate 

became constant showed that in the lower range of stress, 

7^ did change with the applied stress. One might say that 

when a stress increment is added, it produces a change of 

the effective stress and hence the large initial creep rate. 

Then as increases to a new value the difference, ~ Z\t 

decreases and the creep rate decreases. When ths internal 

stress has assumed its new value, the difference 7^ - 

remains constant, at least over the small strain increments 

studied, and the creep rate becomes constant. Almost certainly 

that does contribute to the initial transient creep rate but 

even in the higher strain rate region studied where 7^ was 

not found to change greatly with the stress, the initial 



71 

transient still could be observed, although it was not as 

pronounced as at lower stresses. Also, the change of the 

effective stress with a stress increment can not alone 

account for the high initial creep rate. Examination of 

Figure 10 shows that the transition region can be fairly 

well explained as the sum of the two linear portions of the 

curve. For the reasons above, it appears that there is basis 

for the belief expressed by Davidson^*-*), that two mechanisms 

are operative. 

If it is the case that two mechanisms are operative, the 

usual method of obtaining the activation volume from the creep 

rates before and after a stress change will not yield a volume 

representative of either process but some sort of a weighted 

average, the physical significance of which is not obvious. 

The activation volume determined in that way is sometimes 

called the "effective activation volume" and given the symbol v*. 

In these tests an attempt was made to separate the activa¬ 

tion volume of the process leading to the constant rate creep 

from that of the transient. This was done by measuring the 

internal stress in the constant creep region and thereby 

determining the effective stress for the constant rate creep. 

The creep rate was plotted versus the effective stress and the 

activation volume extracted from the shape of the curve. 

From Figure 25 it can be noted that extrapolation of the 

internal stress above room temperature shows that should 

approach zero for about 360°K, It would be expected that that 

would be the point above which the yield stress becomes 
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temperature independent. This is in agreement with the yield 

stress versus temperature data reported by Youngblood^) and 

by Lau/ley et al, (^4) 

It has boon pointed out by Alefeld^^) that for small 

effective stresses equation (11) is too inaccurate an approxi¬ 

mation of the probability for a successful fluctuation. He 

raised objections to its use since even at r#=0, a finite creep 

rate would be predicted, furthermore, he points out that the 

equation is not symmetric in the effective stress since for 

small negative effective stress, forward creep would still be 

predicted. This arises from the fact that only the probability 

of a thermally activated jump in the direction of the stress 

has been considered, Orouian^^) in 1936, and Kauzmann^®) in 

1941, pointed out that the probability of a jump opposite to 

the direction of stress must be considered, l/Jhen the probability 

for such backward jump is considered, the deformation rate can 

be expressed as 

Y a GXp ( 
Ho~Vr* 

kT 
exp 

+ vr* 
_ (15) 

which simplifies to 

* * - (£?) sinh (2Z1 ) 
^ kT / 

(16) 

As a simplifying approximation, the same activation volume is 

\j 7T^ 
assumed for both forward and backward jumps. For ■ > 1 

equation (16) approaches the usual form of the creep rate given 

by equation (11). 

In view of equation (16), the significance that the data 
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for the creep rate versus z-*, in figures 11 through 19, could 

bo described by an equation of the form 

* -fl si"^Tr) (17) 

is apparent. One can associate the v derived from fitting the 

curves to the data with the activation volume and the pre¬ 

exponential factor A can be associated with 2 O exp(^~). It 

might be pointed out that in the region of creep rates governed 

by an expression of the form given in equation (16), the apparent 

activation volume derived from the change of creep rates before 

and after application of a stress increment is 

v* kT (JilnJL 
\ <>r* 1 v coth , 

kT 
(18) 

v* is proportional to the slope of the In % vs T* curves and, 

from equation (18), the apparent activation volume will tend 

to infinity as r* approaches zero. At values of %-££- > 1 
kT 

the term coth -5 1 and v* = v. 

It should be passible to calculate the value of H0 the 

activation energy from the temperature dependence of the term 

A, since 
H 

A s 2^) exp - (^) . (19) 

Unfortunately, there is too much experimental scatter in the 

data for an accurate determination of the temperature dependence 

of A, However, the data for the creep runs around 2% strain 

show the best consistency and give a value of 0.05 ev while the 

points for 296° and 275°K at 5% strain indicate a value of o.13 

ev. But it should be noted that the above values of HQ were 
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obtained under the generally accepted assumption that is 

relatively temperature independent. If variation of with 

temperature is considered, 

^ In ^ _ _r2/2)lnv>\ _ ^o 
^ 1 ~ 1 sT / k 
^ T 

(20) 

The frequency factor 9 contains several terms and can be 

written as 
, (18,32,33,39) 

9 = S)QWWeb/k (21) 

where 

is an attempt frequency which may depend on temperature, 

b is the Burger’s vector of the dislocation, 

A is the area swept out per successful fluctuation, 

N is the number of activable segments per unit volume— 

which should be proportional to the dislocation density,^ 

s is the activation entropy. 

Thus, 2> In ? _ In 90 
s T 

+ ^ InN + ^ In A (23) 
S>T >T s T 

%>0 increases with temperature, while studies indicate that N 

the equilibrium dislocation density decreases with temperature, 

and A- , the area swept out per successful fluctuation, will 

increase with temperature. The change of dislocation density 

appears to be the dominant term and if it is, is nega¬ 

tive. If that is true, the actual value of HQ will be some 

larger than the values cited above. In any case, the fact that 

the temperature dependence of a is not pronounced means that HQ 

is relatively small, probably about 0.1 to 0.2 ov. for the con- 
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stant rate microcreep. 

Chambers and Schultz^^’^®), studying internal friction 

relaxation peaks in b.c.c. refractory metals, have found two 

major peaks which they designate the oiand^ type peaks, from 

the temperature and frequency dependence of the peaks for 

molybdenum they associate the o< peaks with a mechanism having 

an activation energy of 0,18 ev, and the ^3, peaks with one of 

an activation energy of 0,46 ev. However, from a study of 

the shape of the peaks and the observation that the peaks 

appear broader than expected for a single thermally activated 

mechanism, they feel that each peak may in reality result from 

a series of processes with a spectrum of energies and attempt 

frequencies. 

It thus appears that not one but several processes of 

nearly equal activation energies may be involved in deforma¬ 

tion and explanations which attribute deformation to a single 

process are oversimplified. 

Even though the temperature dependence of the observed 

frequency factor term is not too clear it can be seen from 

Figure 20 that the term does increase with strain. Since the 

factor A contains N, the number of activable segments, this 

trend would be expected, since N should be proportional to the 

mobile dislocation density, />. Lawley and Gaigher^^ have 

found from studies of strained molybdenum specimens by electron 

microscopy that dislocation multiplication raises the dislocation 

density. Figure 32 shows data for the dislocation density in 

molybdenum single crystals as a function of strain. From the 
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figure it can bo seen that the term A is proportional to the 

dislocation density, p, as determined by Lawley and Gaigher^^. 
The crystals used in the present study have been found to con¬ 

tain precipitates, believed probably to be fOogC, which acted as 

origins for the formation of tangles such as are shown in 

Figure 3fl. Earlier tangling would be expected to produce some 

faster increase of the dislocation density especially in the 

vicinity of the precipitates, than for Lawley*s crystal where 

dislocations were free to move over longer distances before 

becoming tangled. 

Probably the most important results of this investigation 

was the measurement of the temperature-dependent internal stress. 

Since the publication of the paper by Cottrell and Bilby^^, it 

has been assumed that the temperature dependence of the yield 

stress in b.c.c, metals is due to locking by interstitial 

impurity atoms. Several calculations based on that model of 

thermally activated unlocking of dislocation lines from impurity 

atmospheres have appeared. However, some more recent results 

indicate that the temperature dependence may be due not to pin¬ 

ning but to a strong internal '’frictional" stress acting on the 

unpinned dislocations. This was found in the work of Patch 

and more recently by Stein and Low^^ who studied the stress 

to move individual unpinned dislocations in silicon-iron. They 

found almost the same temperature dependence for the stress to 

maintain a constant dislocation velocity as that of the macro¬ 

scopic yield point. 

It has been suggested by Heslop and Petch^^ that the 
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frictional stress may be due to a large Peierls force. This 

has been questioned by Schoech^^ who feels instead the ori¬ 

gin may be in a high jog density introduced if segments of 

screw dislocation undergo repeated cross-3lip on a fine scale. 

Kroupa and Vitek^4^ and Sleeswyk^45) have studied the split¬ 

ting of screw dislocations into partial dislocations lying on 

intersecting [112] type planes, Both conclude that because 

of a high stacking fault energy in b.c.c. metals, the partials 

will separate by only a few interatomic distances at most. 

The splitting can not be resolved by electron microscopy since 

diffraction contrast mechanisms limit resolution to the order 

o 
of 60 A, Under a small stress, these screw dislocations should 

constrict and then cross-slip with a rather low activation 

energy. Repeated cross-slip of the screw dislocations would 

produce the wavy slip lines observed on crystal Mo 300. Also, 

even if the dislocations do move most easily on flio] type 

planes, as has been suggested, repeated cross-slip on 

intersecting |’l1o] planes will follow the direction of the 

maximum shear stress which could explain the apparent glide on 

the (2 1 1) plane by Mo 300 and 316, and the results of Sestak 

and Libovicky(^) who found in iron that the slip plane can be 

any plane of a {mj zone. 

Lawley and Gaigher^^ have examined many samples of molyb¬ 

denum strained at various temperatures. Some of the essentials 

of their findings include the following. In material strained 

at a low temperature, they find a number of rather straight 

dislocations of predominantly screw type. These contain a 
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rather high density of jogs, and a fair number of secondary 

slip dislocation along other <111 > type directions were found. 

In material deformed at room temperature the long screw dis¬ 

locations are also seen but appear less jogged, with fewer 

secondary slip dislocations noted. From the relative length 

to width of loops they estimate that the ratio of the mobility 

of edge to screw dislocations is about 40J1, Precipitates and 

grown-in dislocations become sites around which dislocation 

density increases rapidly with an associated tangling. These 

are sites at which the dislocation cell structure develops at 

higher strains. 

Brown and Ekvall^3^ studied the microstrain behavior of 

iron single crystals. They concluded from the measurement of 

damping loops that there was an innate lattice frictional stress 

with a value of about 1.4 kg/mm^; however, they found that the 

true elastic limit Z~£ remained practically independent of 

temperature over the range 5° to 300°K, but dependent on purity. 

The temperature dependence of the macroscopic flow stress they 

found associated with an especially strong work-hardening in 

the microstrain region, particularly at lower temperatures, 

A similar report has been given for molybdenum by Kos3awsky(^) 

and Kossowsky and Brown^®). They reported a frictional stress 

of less than 1 kg/mm^ practically independent of temperature 

from 5° to 300°K. was found to be higher for less pure 

specimens, but to have the same temperature dependence for all 

purities. Kossowsky^reported that, while testing of ^ 

at lower temperatures after a room temperature pre-strain only 
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showed an increase of from 4 kg/mm^ at room temperature 

to 5 kg/mm^ at 77°K., a small pre-strain at 77°K. was found 

to triple the value of Z^. However, following pre-straining 

at 77°K., the initially high value of 7^ was found to decrease 

over a period of about two hours when held at 77°K or within 

one hour at 120°K. From the kinetics of the decay Kossowsky 
n 

estimates the activation energy to be around 1.45 x 10 ev. 

The observation by Brown and Ekvall^*^ in iron and by 

(12) 
Kossowsky' ' in molybdenum that the elastic limit is essen¬ 

tially independent of temperature appears to contradict the 

concept of a strong Peierls stress. A strong Peierls stress 

at 0°K. would force the dislocations to be completely straight 

since they would be pulled into the potential valleys along 

close packed rows. To move the dislocations, the applied stress 

would have to push a whole length of dislocation up over the 

potential barrier. That should lead to a much stronger tempera¬ 

ture dependence of the elastic limit than those investigations 

report. 

The strong work-hardening with even small amounts of strain 

at low temperatures is reflected in the current tests. The rise 

of T^ at lower temperatures is the result of such work-hardening. 

The rise of <T^ with r*a as the applied stress was increased 

(Figure 4-14) reflects the formation of a dislocation array 

within the crystal. Some evidence of the recovery noted by 

(12) Kossowsky' ' in molybdenum was also observed in the present 

tests in that if after the ^ was measured at increments of 

Z~a while increasing 7^, and then 7^ was lowered to some former 
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value and 7^ remeasured, a higher value than before was found. 

But if the crystal uias allowed to remain unloaded For a period 

of a few hours, results of Z^ vs ZQ could be repeated with only 

a small uniform increase reflecting the trend of with strain 

as shown in Figure 24. 

Stein and Low^^ in analyzing their data for the mobility 

of edge dislocations in silicon-iron did not find a good fit to 

a single Arrhenius’ relation. They concluded, “one may not be 

justified in computing a single activation energy for the pro¬ 

cess controlling the motion of dislocations". Indeed, it appears 

that there are probably several distinct processes operating 

simultaneously. The activation volumes and energies generally 

reported are effective values reflecting an average of processes 

of both motion of dislocations and of multiplication. The 

extremely large activation volume found by most investigators 

in the low strain region probably reflects the dominance of 

multiplication processes in that region. The decrease of 

activation volume at higher strains results as changes of the 

deformation rate in the region of high dislocation density can 

be provided by an increased dislocation velocity with little 
*7 

multiplication. The small activation volumes (20-40 b‘J) found 

in this study for the constant rate creep are thought to be due 

to motion of the dislocations while the initial transient creep 

probably results from dislocation multiplication. The increase 

of the internal stress occurs during the initial transient creep 

and is probably due to multiplication of dislocations whose 

motion is limited by a pile-up of dislocations at an ob.. tacle. 
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Macroscopic flow results when those dislocations can cross-slip 

onto other planes or by the activation of additional dislocation 

sources. Dislocation motion i3 restricted on the original plane 

by the internal stress which arises as dislocations pile-up 

behind some obstacle. The rise of the internal stress at low 

temperatures may reflect the increased difficulty of cross-slip. 

The decrease of activation volume for the constant rate 

microcreep with strain may reflect a shift of the frequency of 

occurrence of different processes and not necessarily a change 

of the activation volume with strain of any single process. 

Upon removal of the applied stress, the dislocation array 

formed is no longer stable and some rearrangement occurs under 

the influence of the internal stress. That may occur by cross¬ 

slip of screw dislocations to other planes as has been suggested 

by Kossowsky^12). Such rearrangement lowers T^, explaining the 

reversibility of the flow stress with temperature, and accounts 

for the decrease of found by Kossowsky. 

The behavior of the internal stress measured in this 

investigation supports the idea that the temperature dependence 

of macroscopic yielding results not from an intrinsic effect, 

but from rapid work-hardening which occurs during strains of 

under 10“^. Because of that rapid work-hardening, studies made 

by macroscopic flow stress measurements which neglect the rapid 

rise of internal stress have tended to greatly overestimate the 

activation energy for dislocation motion in body-centered cubic 

materials and hence investigators have been led to propose models 

with rather high activation energies. 



CHAPTER 5 

CONCLUSIONS 

A temperature-dependent internal stress was measured which 

increased with strain. The temperature dependence of the inter 

nal stress is the same as that of the macroscopic flow stress. 

It appears that the Internal stress is not due to intrinsic 

lattice potentials nor to the temperature dependence of any 

dislocation mechanism directly, but instead reflects a very 

high ratB of work-hardening especially at lower temperatures. 

The reversibility of the internal stress upon return to higher 

temperatures results from some undetermined rearrangement of 

the dislocation structure. 

A constant rats microcreep controlled by the thermal 

activation of dislocations was found which obeyed the equation: 

Y s A sinh « 2 S)0b^N exp (|) exp ^ sinh 

That was supported by the following observations: 

1. The increase of A, proportional to N, was found 

proportional to the increase of dislocation density 

reported by Lawley and Gaigher^^. 

2, The shape of the curves of y vs r* conformed to the 
hyperbolic sine shape as predicted by Alefeld^^ 

for creep at low effective stresses. 
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TABLE OF SYMBOLS 

a 2 S>0 bAN exp s/k 

area swept out per successful dislocation 
fluctuation 

Burgers vector of a dislocation 

-23 3 
Burgers vector cubed (in molybdenum 2.0 x 10 cm 

activation energy 

Bolt2mann’s constant 

spacing between dislocations 

volume density of activable dislocation segments 

activation entropy 

temperature 

time 

activation volume 

effective activation volume 

resolved shear strain rate 

resolved shear strain 

tensile strain 

angle between tensile axis and slip plane normal 

shear modulus 

frequency factor 

dislocation density 

resolved shear stress 

effective shear stress 

anelastic limit, microscopic yield stress 

externally applied stress 

elastic limit 



flow stress 

internal stress 

saturation value of internal stress 

athermal component of yield stress 

angle between tensile axis and slip directi 


