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THE EFFECT OF TEMPERATURE AND STRAIN-RATE 

ON THERMALLY ACTIVATED DEFORMATION 

IN HIGH PURITY ALPHA IRON 

I. INTRODUCTION 

The purpose of this investigation was to obtain information about the 

nature of defe cts produced in iron by neutron bombardment, and to determine 

the mechanism by whlch moving dislocations interact with these defects, so 

as to better understand how the mechanical properties are modified. The 

method applied to this problem was the study of thermally activated deforma

tion. This method is based on the principle that the interaction of dislocations 

with atomic sized imperfections determines the rate at which these dislocations 

move through the lattice. Such experiments showed promise of correlating 

the mechanical property changes produced by neutron irradiation with defect 

configurations observed by transmission electron microscopy. 

As is often the case with a relatively new method, the underlying 

principles had been established, but improvements in technique and minor 

refinements in the theory were required to utilize the method fully. This 

paper describes the method and its application in detail, and treats the defects 

produced by radiation damage only as one of several types of imperfections 

that affect thermally activated dislocation motion. The re sults of the experi

ments pertaining only to radiation damage in iron have been published else

where; (1) the experiments represent the first known application of the 

method to the study of radiation damage in a body-centered cubic (bcc) metal. 

II. SUMMARY 

This report reviews the basic fundamentals of the theory of thermally 

activated deformation and describes the experimental methods used to obtain 

the parameters of interest. These tests include temperature dependence of 

the flow stress, single and double strain rate change tests and stress relax

ation tests. The influence of such factors as dislocation multiplication, sub

structure, and pseudo yield points are discussed as applied to the inter

pretation of these tests . 
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It is concluded from this study that: 

• The empirical dislocation velocity- stress relationship, Va:: ( ~~:< ) n 

is useful in describing the thermally activated deformation 0 

only under a limited range of experimental conditions. 

• A more useful equation tested for strain rates from 0.002 to O. 2 

• 

• 

• 

• 

-1 0 min and temperatures from 77 to 325 K was derived from the 

temperature dependence of the flow stress. It was of the form, 

G = G (1 - j T ~:< h ), where G is the activation energy, G is the 
o p 0 

activation energy at zero effective stress, T~:< is the effective stress, 

and T is the Peierls stress. 
p 

This equation predicts the activation volume should be given by 

the relation V~:< = 1/2 G (T~:<T )-1/2 (as observed) and the tempera-
o p 

ture dependence of p:< at constant strain rate should be 
2 

T * = T P (1 - k ~~~7 Y 1 ' as observed. 

The nonlinearity in the activation enthalpy-temperature relation

ship, commonly observed in activation enthalpy analyses for bcc 

metals, arises from the failure of the assumption that the experi

mental activation volume is a good approximation to the true activa

tion volume in the region where T~:< becomes small. 

The rearrangement of substructure follow ing a change in tempera

ture or strain rate must be considered in the interpretation of 

results. 

The most probable mechanism of deformation in alpha iron over 

the range where the deformation is thermally activated is the 

nucleation of double kinks to surmount the Peierls stress hill. 

• 

.. 

·f 
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III. THEORY OF THERMALLY ACTIVATED FLOW 

A. GENERAL 

Plastic deformation results from the movement of dislocations 

through the lattice under the influence of an applied stress. These disloca

tions must encounter resistance to their motion because sizeable stresses are 

required to produce plastic deformation. The strong temperature dependence 

of the yield and flow stresses, especially in the bcc metals, indicates thermal 

fluctuations in the lattice can supply energy to assist the dislocation in its 

motion. Other manifestations of this process are the strain rate dependence 

of the yield and flow stresses and low temperature creep. From these facts 

deformation can be described as thermally activated motion of dislocations 

over atomic size obstacles or barriers. This concept is not new, for 

Becker, (2) as early as 1925, associated plastic deformation with rate theory 

and expressed the relations in terms of an Arrhenius type equation, 

€ = ~ exp - [H(cr) /kT J, 
o 

where 

E: = the strain rate, 

E: = the pre-exponential constant, o 
H(cr) = a stress dependent activation energy. 

Formulation of the theory in terms of dislocation mechanisms and characteri

zation of the activation energy as a function of the stress have been recent 

contributions to the concept. (3, 4, 5) 

Dislocation theory has established that the potential energy of a dis

location depends upon its location in the crystal. In the simplest case the 

position of lowest energy is the potential valley between rows of atoms in 

close packed planes in the crystal. Intermediate positions in the crystal have 

higher energies (Figure 1). To move a dislocation from the minimum energy 

position requires work which is done again::;t the force constraining the dis

location to its minimum energy position in the lattice. How this force varies 

with position is shown in Figure 1 where the potential energy varies sinus

oidally with the periodicity of the lattice. If the dislocation is to move 

through the lattice, a force must act upon it to overcome the force constrain

ing it to its minimum energy posiLion. This force comes from two sources: 
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Distance 

Distance 

FIGURE 1. Schematic of Periodic Variation of Potential Energy 
of Dislocation in Close Packed Planes and Forces 
Constraining them to Minimum Energy Positions 

the stress applied to the crystal, and thermal forces arising from the 

thermal motions of the dislocation about its equilibrium position. The 

relative contributions of these two sources will naturally change with 

temperature. At 0 oK, for example, all the force must be supplied by the 

applied force. In principle, however, at sufficiently high temperature, the 

thermal forces alone could supply the necessary force to move the disloca

tion. Therefore, information about the magnitude and relative contributions 

of the two forces at different temperatures is useful in determining the 

changes in potential energy which a dislocation experiences when moving 

through the lattice. 
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The sinusoidal variation of potential energy is rarely the only factor 

to be considered. There are many defects such as solute atoms, other dis

locations, and vacancies which interact with the dislocatlOn and affect its 

potential energy. Their spacing is not so uniform as the Peierls hills and 

valleys pictured in Figure 1 nor do they have the same force-distance 

relationships. Some force fields extend over such a long range that the 

thermal forces are ineffective in overcoming them. Normally, the range 

of thermal forces is assumed to be about 10 interatomic spacings. Forces 

acting on the dislocation over distances greater than lOb can be overcome 

only by the applied force. A schematic illustratlOn of such long range 

force fields with short range forces superposed on them is shown in Figure 

2. The presence of the long range forces can be demonstrated by increas

ing the test temperature until the applied force approaches a constant 

value. Above the temperature where this constant value occurs, the 

thermal forces are great enough to overcome the short range forces asso

ciated with obstacles, and for deformation to occur only the long range 

force fields must be overcome. The deformation controlled by long range 

forces is temperature independent. At temperature s below this point, 

information about the short range forces can be gained from the change in 

applied force with temperature . 

+ 

CD 
U .... 
o 
u... 

Distance 

FIGURE 2. Schematic of Periodic Short Range Force Superimposed 
on Long Range Force 
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It is not possible to measure these forces directly, but we can 

measure the stresses applied to the crystal to cause deformation. Assuming 

that the length of dislocation segment, L, is not a function of stress, we 

can calculate force, F, from the relation F = TbL. The applied stress, T, 

can then be partitioned into long range and short range components corres

ponding to the long range and short range forces to give T = T~:C + T i' where 

T~:< is the effective stress acting against the short range forces, and 'T'. is the 
1 

long range stress acting against the long range internal stresses. 

Mathematical expression::; for these concepts applicable to a simple 

model where L does not change with stress can be formulated. A hypothetical 

force-distance relation for the short range interaction between a dislocation 

and an obstacle is shown Figure 3. A force sufficient to move the disloca

tion to a position xl has been applied. Here the force on the dislocation, 

F(x
I
), is equal to the resisting force of the obstacle so that the dislocation 

is in a position of stable equilibrium. To move the dislocation from xl to 

x
2 

requires the total energy 

x 2 
G' = J F( x) dx = G + W (1) 

xl 

of which the portion 

F 

G = Jill 6x(F)dF. (2) 

F( xl) 

is supplied by the thermal energy. [) x (F) is the width of ,the barrier as a 

function of F. The remainder 

(3) 

is the work done by the applied force (in excess of that required to overcome 

the long range forces). 

• 
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FIGURE 3. Force Associated with a Small Obstacle Showing 
Energy Which Must be Supplied to Move a 
Dislocation at xl Over the Barrier 

If the force, F( xl)' in (3) is expressed in terms of stress, Equation 

( 3) becomes 

(4) 

where V>:< is a quantity called the acti vat ion volume. This quantity can also 

be obtained from Equation (2) if we change the variable of integration from 

F to ,.>~ so that 

(5) 

and differentiate with respect to ,.>:< to obtain 

(6) 
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The activation volume at T~:'(x1) will be (x2 - x
1

)Lb as in Equation (4). These 

quantities can be related to those measured experimentally in a tensile test, 

such as stress and strain rate. The strain rate is given by 

y = pbv (7) 

where p is the density of mobile dislocations, b is the Burgers vector, and 

v is the mean velocity of a dislocation segment. For thermally activated 

movement of dislocations past obstacles, this velocity can be expressed in 

terms of an average activation energy G, 

v = d\) exp (-G/kT) 
o 

(8) 

where d is the distance moved per thermally activated jump, \)0 is the 

vibration frequency ("'"10 13 sec -1), k is the Boltzmann constant, and T is 

the absolute temperature. The possibility of thermally activated movement 

against the applied stress is neglected in this formulation because of its low 

probability. Combining (7) and (8) gives 

y = pbd\) exp(-G/kT) = Y exp(- G/kT) 
o 0 

or in its logarithmic form, 

lny = lnv - G/kT 
'0 

,', 

Differentiating (10) with respect to T'" at constant T yields 

_ (aG .\ = +kT r (a In y / Yo)] = v~:, 
a T~:) T t aT~:' T 

(9) 

(10) 

(11 ) 

which as shown in Equation (6) corresponds to the activation volume in a 

model where L is not a function of stress. The activation volume, then, is 

one theoretical parameter that can be evaluated experimentally by measuring 

the change in stress accompanying a change in strain rate at a constant 

temperature. Another theoretical parameter of interest is the activation 

energy, G. To evaluate G, Equation (10) is differentiated with respect to 

(1 /kT) at constant T~:' to give 

= -G + T (~) 
aT T~:' 

(12) 

• 



.. 

.. 14 

or on rearranging terms 

[
Oln(y /y ) a 

G = H - TS = kT2 0 + T (~) 
T ," aT ,', ,. ,. T'l' 

From the thermodynamic relation 

(~) =-S 
aT T':< ' 

it follow s that 
_ 2 [0 In <Y / Yo)] 

H - -kT aT >): ,. 
If G is a function of T>!< and T, 

(oG) (oG) (OG) tl:t!) =-S 
aT T':< = aT y - ~T \aT y 

From Equation (10) 

( ) (
::. oJ') oG _ .. * uT'" 

aT ,', - k In( Yo / y) - V aT . 
T'" Y 

Substituting this in (12) gives 

= -S 

-TV,:«oT*) 
oT . 

y 

BNWL-184 

(13) 

(14) 

(15) 

(16) 

(17) 

Equations (14) and (17) provide a method for experimentally determining H. 

It should be noted that Equation (16) gives an experimental evaluation of S 

also, and demonstrates that if H is a linear function of T, then the product 

V':«~~). should be a constant, and S itself is not temperature dependent. 
y 

The rate equation can then be expressed with S as a constant in the pre-

exponential term. 

Y = Yo exp (S/k) exp (-H/kT) (18) 

The simple model described in Figure 4 is valid for fixed hetero

genieties in the crystal lattice, (6) such as forest dislocations, precipitate 
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particles, clusters of interstitial atoms produced by radiation damage, etc. 

This assumption is not valid if L varies with stress as in the Peierls mechan

ism because F can no longer be expressed as a unique function of T':'. Instead, 

the shape of the F-x curve will change with stress and - (~~:,) , as experi

mentally determined, can not be regarded as xLb. The failu~ of this assump

tion does not destroy the utility of the method; it simply means that the results 

must be interpreted in terms of the applicable model. In addition, care should 

be used in the interpretation of result::; where two obstacles may be operative 

simultaneously or where the mechanism changes with temperature. A straight

forward interpretation is easiest when only one mechanism is controlling over 

the whole temperature range frum 0 Y to the temperature where T':' goes to 

zero. The interpretation of L even in fixed obstacle models is difficult because 

L does not correspond exactly to the calculated spacing of obstacles unless 

the dislocation line is very flexible. 

B. MODELS 

The identification of the operative mechanism is accomplished by a 

simple criteria: how well does the experimentally determined activation 

volume and activation energy match those predicted from the theoretical 

models. In cases where different models yield similar values, it may be 

necessary to consider other aspects of the model such as variation of a 

given parameter with strain or with temperature. Several mechanisms have 

been suggested that might control the deformation of a iron at and below 

room temperature. Among them are nonconservative motion of jogs on 

screw dislocations, cross-slip of screw dislocations, intersection of forest 

dislocations, cutting small precipitate particles or clusters of interstitial 

impurity atoms, and overcoming the Peierls-Nabarro stress. Conrad(7) has 

compiled a detailed bibliography of references discussing the various models. 

Only a brief discussion of each model is given below. 

1. N onconservative Motion of Jogs on Screw Dislocations(8) 

Point defects are created when the jogs on a screw dislocation are 

forced to move in a nonconservative manner to keep up with the dislocation 

• 
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P I a n e 

Primary Slip Plane 

B. Cross-Slip of Screws 

Precipitates 
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Glide Dislocation 

D. Small Precipitate Particles 

E. Peierls Glide Dislocation 

FIGURE 4. Representations of Thermally Activated 
Dislocation Movements 
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line. The applied stress causes the dislocation line to bow out between the 

jogs; the jogs then move forward under the action of the line tension and 

create a point defect for every interatomic spacing moved. The activation 

energy is then the formation energy of the defect ,""'" 1. 6 eV in Fe) less the 

energy supplied by thermal activation. The activation volume will be about 

tb 2 where t is the distance between jogs, The density of jogs would be 

expected to increase as a function of strain because of dislocation intersections. 

2. Screw Dislocations8 

In bcc metals such as iron, where there are many slip systems, 

cross-slip of screw dislocations occurs very readily. The frequency of cross

slip decreases as the temperature is lowered and therefore appears to be a 

thermally activated process at low temperatures. Such cases are known in 

fcc and hcp metals, but for bcc metals the model is not as well developed. 

In the fcc and hcp metals, the activation energy for cross - slip varies widely, 

depending on the stacking fault energy. The activation volume is presumably 
2 about tb where t is the leng!h of bowed dislocation on the cross-slip plane. 

3, Intersection 

The intersection of fore st dislocations by glide dislocations has been 

shown to be the rate controlling process in the low temperature deformation 

of several fcc metals. 1{4, 9) The activation energy for the process includes 

the energy to form two jogs plus the enErgy to constrict an extended dis

location. The ener gy to constrict an extended dislocation, of course, varies 

widely, depending on the separation of the partials. The activation volume 

is given by x tb where x is the distance through the barrier and t is the sep

aration of forest dislocations. It is difficult to separate the product x t b 

into known factors except at temperatures near 0 OK, where x approaches b. 

In addition, the density of forest dislocations w ill increase with strain, 

and some kind of correction to a constant density must be made to obtain 
'9) 

mean ingful re sults. The Mitra, Osborne, and Dorn \ method appears to 

treat this problem successfully. 

4. Intersection of Precipitate Particles or Clusters of Impurity Atoms 

This problem has been treated by Friedel(8) for precipitates, clusters, 

and cavities if they are isolated, i. E, , the diameter is much smaller than the 
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spacing between them. Larger particles are not overcome by thermal activa

tion and would, therefore, contribute to the long range stresses. The activa

tion energy for such a process depends on the properties of the object being 

sheared. The energy to s hear a hard particle is estimated as U = ~ ~g2 
and the energy to form a loop around the particle, U "'" n~ b 2d. For a 

soft particle or a cavity, the energy depends on the line tension, U = T{d ""'~b2d. 
For a G·imier- Preston zone or impurity atom cluster, U would be about the 

increase in surface energy required to shear the cluster or the binding energy of 

the cluster. In all cases above, the activation volume would be about b(d/2H 

where { is the separation of particles and d/2 is the radius of the particle. 

5. Peierls Mechanism (10) 

The Peierls mechanism is believed to control deformation in bcc metals 

at the lowest temperatures, where the dislocation lines lie in the potential 

valleys between close packed rows of atoms. To surmount the Peierls stress 

hill, a double kink is formed with the aid of thermal fluctuations. The nuclea

tion of a double kink is the rate controlling step and once a critical length is 

nucleated, the remainder of the dislocation line moves over the barrier as 

the kinks rapidly separate under the inflUence of the applied stress. At 0 oK, 

the energy to nucleate the kink pair must be supplied entirely by the applied 

stress (in excess of the internal back stresses), but at high enough temperatures 

the process would require only small stress to move the di~location prefer

entially in one direction. The energy to surmount the barrier is around 0.7-

1.0 eV. The activation volume for the process would be xb{ where x is the 

distance to the equilibrium configuration and {is the separation of the two 

kinks. The limiting value of the activation volume at low temperatures appears 

to be about 5-10 b 3 . 

IV. EXPERIMENTAL PROCEDURES 

A. MATERIALS AND SAMPLE PREPARATION 

The materials studied in this program were obtained from two sources 

and were of two purities. One material was a vacuum melted iron obtained 

from Crucible Steel Company; this material commonly known by the trade 

name Ferrovac E will subsequently be referred to as FeE. The other material 
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was a zone refined iron produced by Battelle Memorial Institute, Columbus 

Laboratory, which was produced by floating zone melting in a hydrogen 

atmosphere. This material will subsequently be referred to as BMI. 

Nominal analyses for these materials as supplied by the manufacturers are 

listed in Table I below. 

TABLE I 

ANALYSIS OF MATERIALS IN PPM 

Material C N 0 Si Other 

FeE 40 1 60-200 150-200 Cr, Ni, Mn '0= 10 ea 

BMI 3.3 <1 2.6 10 Ni-20, Al-15, Cr, Co, 
Cu, P, S '0= 5 ea 

Several compromises were necessary to meet both the requirement to con

serve material and to use a specimen sufficiently large to provide reliable 

data. The specimen geometry finally selected is shown in Figure 5. It is 

a sub-size round with a reduced section of 1. 000 in. and a cross-sectional 

diameter of O. OSO in. This specimen is large enough to have at least 20 

grains across the reduced section diameter; the geometry provides a 10: 1 

ratio of gage length to diameter. The reduction in diameter from 1/ S in. 

in the shoulder to O. OS 0 in. in the reduced section was satisfactory in 

limiting deformation in the radius. 

1----------- 2 -1/2" 

\ .. 1.000! 000031 

Blend Radii Smooth 
Do Not Undercut 

1 / S" Dia. 
Typ. 

~~ 
O.OSO ~ 0.001 Dia. 

FIGURE 5. Tensile Specimen Design 

... 
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It was necessary to reduce the diameter of BMI iron supplied as 

1-1/4 in. bars to 1/8 in. diameter rod prior to machining tensile samples. 

A reduction in area of at least 750/0 was necessary to produce a uniform 

grain size in the BMI iron. This was accomplished by cold forging the 

1-1/4 in. bar to 1/4 in. rod, annealing in vacuum at 700°C, and swaging 

to 1/8 in. diameter rod. The FeE was received in the form of 1/2 in. rod 

which was swaged to 1/8 in. rod without an intermediate anneal. Precau

tions to avoid gross contamination included degreasing all swaging dies 

and etching the sample prior to annealing. Following fabrication, the sam

ples were machined in a Template lathe to the final dimensions. 

After machining, the samples were electropolished in a solution 

of 20 ml perchloric acid and 100 ml ethyl alcohol at a current of 2 A. The 

recrystallization temperatures, determined experimentally, were 650°C 

in BMI and 700°C in FeE. Since little grain growth occurs in BMI follow ing 

recrystallization, both samples were recrystallized at 700 ° C. The grain 

sizes obtained were 454 grains/mm
2 

in BMI and 1830 grains/mm
2 

in FeE. 

B. EQUIPMENT 

All tensile tests were performed on a model TT- B Instron tensile 

tester equipped with automatic speed changer and zero suppress ion. Low 

temperature as well as room temperature tests were performed in an 

auxiliary fixture bolted to the lower surface of the crosshead. This fix-

ture, shown in Figures 6 and 7, was made from AISI 304 SS except for the 

pull rod extending through the crosshead, which was made from a Ti-6AI-

4 V alloy with high tensile strength at low temperatures. The tripod mount 

below the crosshead (Figure 7) simplified alignment of the fixture. Align

ment was accomplished by adjusting the fixture so that four strain gages 

mounted at 90° on the circumference of the specimen gave equivalent read

ings. The specimen grips were preset in a jig by applying pressure with a 

screw driven press, and held in place by four screw s in each grip. The 

grips were then attached to the pullrods by pins through yokes attached to 

the pullrods (Figure 8). This arrangement produced good results as evi

denced by the sharp yield points in the FeE specimens. Occasionally, a 

sample was bent during loading; this was immediately revealed by a decrease 

in size of the upper yield point. 



FIGURE 6. Tensile Testing Apparatus and Temperature Control System 
with Dewar in Place 
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FIGURE 7. Close-up of Tensile Fixture with Vaporization Chamber 
Lowered Over Sample 

A, Tripod D. Pressure Relief Valve 
B. Bellows E. Copper Vaporization Chamber 
C. Nitrogen Inlet F. Copper-Constantan Thermocouples 
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FIGURE 8. Close-up of Sample and Grip Assembly 

A. Tensile Specimen 
B. Grips 
C. Yoke 
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The cryostat is a modification of a design by Wessel. (11) It consists 

of a stainless steel Dewar which contains the cryogenic liquid in the constant 

temperature tests. Intermediate temperatures were achieved by spraying 

cold nitrogen gas over the specimen. In these tests, the empty Dewar 

served as insulation and an air tight chamber. The cold gas filled the 

chamber after passing over the specimen, circulated around the pullrod to 

reduce heat loss through this sink, and was released to the atmosphere through 

a pressure relief valve. An "a" ring slip seal was originally used to make an 

air tight seal between the chamber and the pullrod, and a bellow s was provided 

to permit motion of the pullrod. In practice, however, the seal was found to 

be unnecessary for tests using nitrogen (and therefore not used). Consequently, 

the pullrod moved freely, and the bellow s served only as a flexible joint for 

aligning the load train. A hollow copper cylinder with holes on the inner sur

face was used to vaporize the liquid nitrogen which then sprayed on the sample. 

At temperatures just above liquid nitrogen its operation became less efficient 

and some liquid also sprayed on the sample. 

The flow of liquid nitrogen was periodically interrupted by a solenoid 

valve in the discharge line from a pressurized liquid nitrogen Dewar (Figure 9). 

The ratio of open time to closed time was controlled by a Minneapolis-Honeywell 

electro-pulse controller which in turn received an error signal from an M - H 

precision set point unit and deviation amplifier. A copper-constantan thermo

couple in contact with the sample served as the sensing element. Temperature 

was read with a potentiometer and monitored continuously with a strip chart 

recorder from a second thermocouple insulated from the control couple. 

The controller maintained a constant temperature within ± 1 °c for at 

least an hour after equilibrium had been reached. Temperature could be 

dropped 10°C and equilibrium reached in about 5-10 min with optimum con

troller settings. Warming the system, however, required longer periods 

for equilibrium to be reached. Use of an auxiliary heater would shorten the 

time required . 
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FIGURE 9. Temperature Control System 

A. Solenoid Control Valve 
B. Nitrogen Dewar Pressure 

Relief Valve 
C. Recorder 

D. Precision Set Point Unit and 
Deviation Amplifier 

E. Electropulse Controller 
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C. TEST PROCEDURES 

All samples were prestrained 3. 5% at room temperature. This pre

strain was utilized to avoid inhomogeneous deformation in the LCiders band, 

to provide a uniform dislocation density and substructure, to inhibit twinning 

in the lower temperature tests, and to insure reproducible results in strain 

rate change tests. 

The strain rate change tests were conducted at ambient room tem

perature, in a constant temperature bath of dry ice and acetone (204 ° K), or 

in liquid nitrogen (77.4 OK). During these tests, the input from the load cell 

was zero suppressed so changes in load produced by the strain rate changes 

could be recorded on the 20 or 50 lb range rather than the 200 or 500 lb range. 

Strain was calculated from crosshead travel. Strain rates were changed 

between 0.002 min- 1 and 0.02 min- 1 by the automatic controls. The resolu

tion improved if the chart speed was increased by a factor of 10 as the strain 

rate was increased. The change in load was measued at a given strain from 

the separation between extrapolations of the flow curves at the higher and 

lower strain rates (as shown in Figure 10) in tests where no yield point was 

observed. If a yield point occurred, the change in load was measured from 

the maximum load change (discussed and justified in Section IV, A). All 

data points were taken from load changes accompanying an increase in strain 

rate. 

Vl 
Vl 
CI> 
L.. 

VI 

FIGURE 10. 

o 
E= 0.02 min- 1 

o 

Change Eand Chart Speed 
by lOX 

Strain 

Graphical Determination of 
8.0 from Strain Rate Change Test 
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In addition to these single strain rate change tests, several double 

strain rate change tests were run where the strain rate was increased in 
-1 -1 -1 

two steps from 0.002 min to 0.02 min and 0.02 to 0.2 min and then 

decreased in reverse sequence. 

The increase in stress accompanying a decrease in temperature was 

determined over the range 300 to 77 '1< by progressively lowering the temp

erature in steps of about 10 to 15 oK. The data reported here applies to 

specimens after 3.5% prestrain, although several specimens were intention

ally tested in the region of Lliders strain. The only difference noted was a 

greater scatter in the data. 

The steps in a typical experiment are 

1. Prestrain into the flow region at room temperature 

2. Unload the specimen to 10% of flow stress 

3. Drop the temperature about 10 to 15 '1< 
4. Reload at the lower temperature 

5. Strain to establish the flow stress at the lower temperature. 

Thio procedure is illustrated in Figure 11. The increase in load was mea

sured from the difference between the extrapolation of the flow stress at the 

higher temperature and the yield stress at the lower temperature. At the same 

strain ~;, was calculated for the average temperature in the interval. Since 

only the difference in stress at a given strain is measured, the effect of work

hardening on ~; is eliminated even though series of measurements are made 

over a range of about 5% strain. A small dependence of ~; on strain was 

noted (Figure 22, p. 43) but the effect is negligible (discussed in Section IVB). 

A specialized test called stress relaxation was used to check certain 

aspects of the theory. This test is essentially a creep test starting from the 

flow stress level rather than below it as in an ordinary creep test. In this 

test, the elastic energy stored in the tensile machine provides the energy to 

deform the sample slightly, while the crosshead remains stationary. The 

procedure (as illustrated in Figure 12) was to strain the sample at a given 

strain rate until the flow stress was established, stop the tensile machine 

and switch to a time base so the relaxation in stress at constant crosshead 

• 
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separation could be monitored as a function of time. In other tests, an 

extensometer was also used to follow the extension or creep of the sample. 

The strain rate decreased continuously from the initial rate imposed by the 

machine to a final value approaching an unmeasurably low rate. The stress 

also decreased rapidly at first and then slowly approached a constant value 

for very large times. The value approached in the limit is believed to repre

sent 1"., the internal stress field in the metal. The difference between 1". and 
1 1 

the flow stress would then represent 1"':<, the effective stress. The values of 

p:< and 1" i so obtained seemed consistent with estimates of these quantities from 

indirect methods and confirmed the predicted variation of T* with temperature 

and strain rate. The magnitude of T. at various strains could also be used to 
1 

measure the contributions of 1"i and p:< to work hardening. The results at room 

temperature were fairly easy to evaluate directly from the chart. The slow 

relaxation at lower temperatures dictated the use of curve fitting by a computer 

program to predict the value of 1". at times approaching infinity. Of course, 
1 

these results depended on the use of the proper equations for the curve. The 

theory behind these tests and the results obtained are presented in Section V-B. 

V. EXPERIMENTAL DATA 

A. ACTIVATION VOLUMES 

The activation volumes were calculated from Equation (11) by using 

the experimentally determined change in stress, (6T), accompanying a ten

fold increase in strain rate. The results are presented in the form of 6T - € 

curves, easily converted to activation volumes by the formula 

V':< = 3. 24 x 1 0 - 2 4 (T / 6 1" ) 

where T is in degrees K, 6T is in Kg/mm 2 , and Vi.< is in cm3 . 

The methods chosen to obtain activation volume and temperature 

change data, along with their graphical representation, are usually based 

on the experimenter's interpretation of the dislocation multiplication process 

and substructure effects. An incomplete understanding of these two effects 

precludes anyone "correct" method at the present time. 

• 
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If one examines Taylorts equation, 

e = pbv (20) 

or its equivalent in terms of thermal activation theory, 

e = pbvo exp - [H('r~:<)/kTJ (21 ) 

it is apparent that a strain rate increase could cause an increase in disloca

tion velocity or dislocation density or both. Generally, the increase in velocity 

is the major change, and in thermally activated flow theory it is assumed to 

be the only change. 

Hahn(12) has shown that the drop-in-Ioad yield point can be ascribed 

to dislocation multiplication and is influenced primarily by the number of 

mobile dislocations, the rate where multiplication can occur, and the stress 

dependence of the dislocation velocity. Arsenault(13) investigated the yield, 

drop in Ta, eu-AI and Ag-AI and also attributed it to dislocation multiplication. 

If such a yield point occurs, the assumption that multiplication has occurred 

is justified, but the converse is not true. Multiplication may occur so rapidly 

or easily in contrast to velocity increases that a stress transient may not be 

observed. The exact effects of temperature and strain rate on dislocatlOn 

multiplication and substructure are unknown, although Keh and Weissman (14) 

have shown qualitatively that the cell structure is less well developed and the 

distribution of dislocations is more homogenous after a low temperature deforma

tion. In turn, these effects can affect the multiplication process if the distri

bution of dislocations is important. Because of these observations on the 

influence of temperature and strain rate on substructure and the influence of 

the initial density of mobile dislocations on multiplication, it seemed reason-

able to put all the samples in the same condition before performing any 

tests. This was done by prestraining 3.5% at 295 oK at a strain rate of 

0.002 min -1. This treatment was also beneficial in suppressing twinning at 

lower temperatures and for strain ing the FeE samples through the Liiders 

band where inhomogeneous deformation would give meaningless values to 

activation volume measurements. 

The role of stress in dislocation multiplication is an important consid

eration. Many authors plot their results for activation volume measurements 
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as L::,T versus T. The resuhs given in this paper are in the form of L::,T versus 

€ because the use of L::,T versus T plots might lead to further complications in 

interpreting the multiplication process. The role of stress in multiplication is 

presently unknown although some stress must activate the multiplication 

process. Most models are based on some type of Frank-Read generator 

where a stress is required to bow out a loop between two fixed points on the 

dislocation line. Li (15) has made an analysis of a cross- slip mechanism of 

this type. The stress required in this case was a net stress from the inter

action of the shear stress resolved in the slip plane and the stress field of the 

locked dislocation. The flow stress for this model would not be an appropriate 

variable to use in correlating multiplication. A better variable might be 

T ~:< = T - T., where T. depends on the substructure or friction stress. If the 
1 1 

net stress for multiplication were related to T~:<, one should observe higher 

densities of mobile dislocations at low temperatures where T~:< is large. How

ever cross-slip should become more difficult at low temperatures and it seems 

inconsistent with the increasing tendency toward brittleness and twinning at low 

temperatures. As Michalak(16) has shown, T~:< remains constant or decreases 

during deformation, which seems contrary to the requirements for multiplica

tion. Until further knowledge is gained about the multiplication process 

and the role of stress is defined, representation of activation volume data in 

the form L::,T versus T seems an unnecessary complication which could obscure 

significant trends during the deformation. 

Dorn and his co-workers( 1 7) have employed a more elaborate procedure 

to insure that measurements at states other than the reference state are all 

made at equivalent dislocation densities and substructure configurations. In 

this method, three strain hardened states defined by a flow stress level at a 

reference T and yare used as the starting point before measurements at 

another T and yare made. However, this has the disadvantage that the small 

sensitive values of DT for activation volume calculations must be derived from 

the differences in large values of stress measured on different samples, 

rather than from the more accurate values obtained from measurements on 

the same sample where zero suppression can magnify the load changes. No 

• 
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advantages are afforded by this method where comparisons betwEEn samples 

of diffErent purities are required, since the stress levels to produce the 

same configuration are unknown. 

Small yie~d points are sometimes ·observed in strain rate change 

tEsts 0 Another explanation has been put forth by Bolling, Hays, and Wiedersich.o
S

) 

They have shown that these transient yield points often have their origin in 

tEnsIle machine characteristics rather than being "true II yield points. They 

found that many of the yield points were due to an increase in strain rate over 

thE desired rate. LikEwise, durmg decreasing rates, the machine stopped 

briefly and caused an undershoot in rate and a "negative II yield poim. If the 

sample relaxed fast enough, the stress dropped below that characteristic of 

the flow sues s at the lower rate. 

Several experiments similar to those performed by Bolling, Hays, 

and WiEdersich were pErformed by using a double pen recorder which 

simultaneously rEcorded strain -time and load-time. The best resolution was 

obtained with the load zero suppressed to the 50 lb load scale, a chart speed 

cf 10 to 20 in. /min, and an LVDT extensometer with a magnification of 2000. 

The tEsts were run on two materials; Fe E, which shows a yield point on 

incrE'asing the strain rate by a factor of 10 at room temperature; and BlVII 

zone refinEd iron, which does noL All rate changes were accomplished by 

use of an Instron electronic speed changer, as in all strain rate change 

tEstS. 

The se tests illustrated in Figure 13 showed that the machine charac

teristics were the same whether a yield point was observed or not. Also, 

most rate changes were characterized by a slight delay in reaching the 

higher rate, but the transition was accomplished by progressively increasing 

rates until a constant rate was achieved. Occasionally, a test was noted 

wherE a small overshoot did occur, but this was rare and not accompanied 

by any characteristic feature in the yield point. The origin of these effects 

is best illustratE:d by data obtained on initial yield points where the drop- in 

load was much greater (Figure 14). In these cases, the sequence of events 

is initiated by the sudden yielding of the material (with no change in cross

hEad speed) and is immediately followed by a tremendous increase in strain 
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FIGURE 13. Simultaneous Load-Time and Strain-Time Recordings of 
a Ten - Fold Increase and Decrease in Strain Rate for 
Vacuum Melted Fe E and Zone-Refined BMI Iron 

Ten s i Ie r _ 2.8 Kg 1m m 2 
Stress 1 

TensileI Strain 0.002 inlin. 

f.. ·1 
0.1 min. 

Ti me 

FIGURE 14. Simultaneous Load-Time and Strain-Time Recordings 
of a Drop-In Load Yield Point 
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rate as the elastic springback of the testing machine is added to the imposed 

strain rate. A constant rate follows after the load has dropped to the lower 

yield point, a rate slightly higher than that prior to the yield point. This 

latter observation indicates that deformation of the tensile machine and grips 

is appreciable, even in the relatively hard Instron machine. 

The appearance of transients accompanying high strain rates must then 

be attributed to the yield point mechanism that permits a rapid unloading and 

not to an effect induced by the machine (at least in cases where a smoothly 

operating automatic speed change is employed). The mechanism permitting 

the load drop is the rapid multiplicatlOn of dislocations following yielding. 

All yield points in the strain rate change experiments were regarded as real 

on thE basis of these tE.StS, and stress increments were calculated from the 

maximum point whETe the mobile dislocation density was assumed to be the 

samE as that prior to the stram rate change. 

Activation volume measurement::; on Fe E and BMI zone refined iron 

were made at temperatures of 295, 204, and 78 OK, and at a few intermediate 

remperarures on Fe E. The results are presented as measured values 

of liT as a function of strain. 

The results for FE E are similar to thos e obtained by previous investi

gators who have studIed this material. Og-22) The variation of liT measured 

at 0.05 true strain as a function of temperature is shown in Figures 15 and 

'6 A . d b th (23) . h' . . th Alb 
..!. S note y 0 E.rs,· '. t ere IS a maxImum In e wT va ues at a out 

i 60 OK ((Figure 17). The origin of this maximum is detailed in the discussIon 

in Section V -C. In this section it is shown that this phenomena is merely a 

consequence of the shape of the 1"':- - V:;c curve and the energy change accompany

ing a change in strain rate. 

A comparison of the magnitude of liTO. 05 in BMI iron and Fe E shows 

the greatest difference in the results at room temperature where liT for BMI 

is approximately double the value for Fe E. At lower temperatures the results 

are very close to the same magnitude which indicates the obstacle controlling 

flow must be different at room temperature but the same at lower tempera« 

turES. The validity of this conclusion was clearly illustrated in expE.riments 
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FIGURE 17. Variation of D.'f from Strain Rate Change Tests on 
Fe E and BMI Iron as a Function of Temperature 

on irradiated iron previously reported. (21) In these experiments, the 

introduction of a new barrier caused the !:::.'f values of Fe E to increase and 

those of BMI to decrease to the same value at 295 '1<:. At lower temperatures 

the irradiation produced defects were no longer the controlling barrier, and 

the 6'f values corresponded with those of the unirradiated control samples. 

Undoubtedly, the most perplexing aspect of the Fe E and BMI 

data is the difference in the variation of 6'f with strain. As shown in 

Figures 15 and 16, D. 'f for Fe E remains constant with strain at 295 oK, 

and increases at 78 oK. In contrast, D.'f for BMI decreases with strain at 

295 '1<:, and increases at 78 oK. There is no apparent experimental cor

relation of this behavior with other mechanical properties, and further dis

cussion of the origin of these effects will be deferred until the theory is 

developed further in Section V-D. 
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Additional specialized tests designed to provide more information 

about the shape of the ,.,,~ -V':< curve and absolute values of 1"* were performed 

on both materials at temperatures of 295 and 204 oK. These tests, termed 

double strain rate change tests, followed the same procedure as the normal 

strain rate change tests except that an additional tenfold increase in strain 

rate followed the first increment. Thus, the sequence of events was 
- 1 - 1 

1. Increase strain rate from 0.002 min to 0.02 min 

2. 

3. 

4. 

5. 

Strain about 0.0025 
-1 -1 

Increase strain rate again from 0.02 min to 0.2 min 

Reverse the sequence 

Repeat the cycle. 

Since the second increment of strain rate was not performed at the same 

strain as the first increment, the data must be examined carefully to deter

mine how this procedure has affected the assumption of a constant pre

exponential. A comparison of the 61" values at 295 ~ in Figures 15 and 18 

shows that the additional increment of strain rate had no effect on either the 

magnitude or the change of 61" with strain for either Fe E or BM!. A com

parison of the results at 204 '1<: in Figures 15 and 19, however, shows that 

both the magnitude and slope of 6,. were changed slightly by modifying the 

test. The ratios of 61" / / 61" were approximately 2 at 295 OK and 1.06 at 

204 OK for both materials, where 61" I is the stress change for the additional 

increment of strain rate. 

These double strain rate change experiments were also used to 

( 
L'Iln Y / Y ) 

test the validity of the assumption that 61"':< 0 T was a good approxi-

(
d In 'Y / Y ~ 

mation to d _', 0 
1"'" T 

The results indicated that this approximation was 

good only below about 200 ~. Results above 200 ~, where the In Y / y' . 0 

versus p:< curve was changing rapidly, represented a secant to the curve 

at the initial and final states, and this deviated markedly from the tangent 

to the curve at the initial state (Figure 26, p. 63) . 
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The latter state was desired for determination of absolute values 

of 'f'''. This of course did not influence comparisons between these quantities 

obtained at the same temperature. The interpretation of these double strain 

rate change experiments will be deferred until the necessary theory is devel

oped in Section V -C. 

B. ACTIVATION ENERGIES 

An activation enthalpy for thermally activated flow can be determined 

experimentally from a tensiletest(Section II-A} by the use of Equation (17), 

H = -TV~:< (~;:<).. The experimental quantities that must be obtained are 

° Y(dT*) V* at T K, and dT . at TOK. The latter quantity is derived from a flow 

stress increase accorri'panying a temperature decrease by the procedure 

described in SectlOn III -C. Activation enthalpies, calculated by means of 

Equation (17), are usually linear with temperature from 0 to about 200 oK, but 

deviate from linearity above this temperature. The anomalous results obtained 

above 200 oK are often used to substantiate claims that an alternate deforma

tion mechanism has become controlling. As Christian and Masters(6} have 

pointed out, one source of error is the extreme sensitivity of H to small 

experimental errors in (~;). in the temperature range where this quantity 

is small. Y 

Another source of error arises from the use of experimental activa

tion volumes, which as pointed out in the previous section, are poor approxi

mations to the true activation volume for a specific value of T~:< and y in this 

same temperature region. The onset of twinning or crack propagation as 

competing modes of deformation can also lead to erroneous values of ~;; 
this effect, however, is more readily detected. Another possible source 

of error is the change of ~; with strain. It is recognized that dislocation 

multiplication can produce changes in the measured activation volume because 

changes in dislocation density will affect the pre-exponential, Y . Although 
o 

y 0 does not appear directly in the expression for ~;, errors might also 

be caused in this term if the dislocation density changes during the test, 

because the substructure state is assumed to be the same before and after 

the temperature change . 
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Consideration of the problem of errors introduced in H by errors in 

(~~ )y (in the region where this quantity was small) indicated that more accur

ate experimental results should resolve whether the sensitivity of H to small 

experimental errors was a valid explanation of the nonlinear H versus T 

curve above 200 oK. Two possibilities were considered: increasing the 

number of experimental observations or smoothing the data. The latter 

approach was tried first with the results shown in Figures 20 and 21 for Fe E. 
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0.30 
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FIGURE 20. 6T as a FunctIon of Temperature for Fe E Iron at a 

Strain Rate of 0.002 min- 1 
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FIGURE 21. ~~ as a Function of Temperature for Fe E Iron at a 

Strain Rate of 0.02 min- 1 

A linear relation was found between~~~ )y and T, the mean temperature in 

the temperature change test. These results showed that it was now possible 

to smooth the data and obtain good values of (~~). in the region where H 

behaved anomolously. The H versus T curves calculated with the smoothed 

data for (~~)y were still nonlinear above 200 '1<:. It must be concluded 

then that the anomaly in H at high temperatures arises from some other 

source. 

The possibility of introduction of an error through dislocation multi

plication effects was tested on a sample of BMI iron which was cycled 
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between two fixed temperature baths to determine the influence of strain on 

},t. This material exhibits the greatest change in V* with strain in the 

temperature range 0 to 30°C of all samples and test conditions used. The 

results in Figure 22 show that ~~ varied from 0.024 at 0.05 strain to 

0.019 at 0.320 strain. If the activation volume at 0.05 true strain is 

150 x 10 23 cm3 at a temperature of 290 oK and the activation volume at 

0.320 is 214 x 10
23 

cm 
3

, the change in calculated activation energy would 

be O. 64 to O. 72 eV. Because changes of this magnitude can influence the 

results, measurements should be confined to as small a range of strain as 

possible to minimize errors from this source. 

0.032 

0 

0.002 min.- 1 :..:: E = 
N 

0.028 T = 00 - 330C 
E 
E 

0> 
:..:: 

0.024 
...---..... 
~I~ 
<J<J -- 0.020 

0.016 ~----~----~------~----~----~------~----~ 
o 0.10 0.20 0.30 

True Strain (in/in) 

FIGURE 22. (},t). Between 0 and 33°C as a Function of True Strain 
€ for BMI Iron Sample 

The major source of error and an explanation for the anomolous 

behavior of H in this temperature region appears to be the deviation between 

experimental and true activation volumes. This deviation arises from the 

use of an approximation for ddl~Y (shown in detail in Section V-A) after 
T'''' 

development of the necessary theory. 

• 
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It was shown in Figures 20 and 21 that a linear relationship existed 

between (~~)y and T for Fe E iron tested at two different strain rates. 

However, attempts to analyze the experimental data from BMI iron by the 

same method did not show the same behavior as can be seen in Figures 23 

and 24. The initial points from 300 oK down to 225 ~ did follow a linear 

0.400 

0.350 
0 

E" = 0.002 min- 1 

0.300 

~ 

N 0.250 
E 

""" E 

0'> 

""" ~ '-0.. 0 -- 0.200 
~lf- """ <l<l 0 

"---"'" 'o~ 
0.150 , 
0.100 

0.050 

o 100 200 300 

T (oK) 

FIGURE 23. C~ T) as a Function of Temperature for BMI Iron at a 
6T, Strain Rate of 0.002 min- 1 
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FIGURE 24. ~~ as a Function of Temperature for BMI Iron at a 
Strain Rate of 0.02 min- 1 

relation which had a slope and intercept very close to the results pre

viously found for Fe E; these results were reproducible. Below 225 oK, 

however, the slope fell below that of the initial portion of the curve and 

the results were quite erratic with poor reproducibility from sample to 

sample. This behavior did not appear to be the result of twinning except 

in the last point or points before failure because the sudden changes in 

stress characteristic of twinning did not occur except in the points men

tioned. In addition, the material was ductile down to 77 ° K, wh ile the 

• 

. ! 
J 
1 

• 
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change in slope occurred at 225 ex, a rather wide range of temperature in 

which to maintain ductility if twinning were actually beginning at 225 ex. 
If one attempts to calculate an activation energy from values Of(~;)y 

taken from the lower portion of the curve, the activation energies will, 

of course, be lower than those calculated for Fe E or from the extrapolation 

of the initial port on of the data above 225 oK. If a change in mechanism were 

to occur in this temperature range, it would be expected to have a higher 

activation energy. A more detailed analysis in Section V will show that these 

results cannot correspond to a real value of (~;) . 
y 

Therefore, the method must be examined to determine if some 

unexpected factor has invalidated the experimental results. It is assumed 

that the change in stress accompanying the decrease in temperature is a 

change in "*. If a change in "i accompanied the decrease in temperature, 

6,. would be expected to be too low if "0 decreased, and 6,. too high if ,.0 
1 1 

increased. In addition, it is possible that a change in state might occur if 

dislocation multiplication were to take place. This latter possibility might be 

identified by the presence of a drop-in-Ioad yield point. The profiles of yield

ing behavior at various temperatures are shown in Figure 25. There is a 

difference in yielding behavior above and below 225 OK, but it is not typical, 

for example, of that observed in Figure 13. Instead it is interpreted as a 

decrease in ,. 0, which occurs when the substructure formed by deformation 
1 

at higher temperatures breaks down and appears as work softening following 

yielding. If the samples are strained about 0.005 in. lin. rather than the 

0.001-0.002 in. lin. normally used, the samples begins to strain harden 

again. In addition, the deviation between the extrapolated line and the mea

sured values is less if the material is permitted to work harden a bit before 

the next decrease in temperature. These results are another manifestation 

of the behavior reported by Michalak(16) for zone refined iron. He found that 

samples deformed at 78, 125, and 140 ex and then restrained at room temp

erature had a flow stress 25% lower than the flow stress at the same strain 

for deformation at 300 OK only. The 6,. values measured at the same point 

were initially higher than those measured on a sample cycle only at 300 OK. 
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I 2.8 
Kg/mm 2 

~ .. I 
0.002 Strain 

In BM I 

FIGURE 25. Typical Yielding Behavior in BMI Iron at Several 
Temperatures Illustrating the Strain Softening 
Which Occurs After Restressing a Sample at a 
Lower Temperature 

Substantiating evidence from electron transmission microscopy 

experiments is found in the work of Keh and Weissman, (14) who found a 

more uniform distribution of dislocations in samples deformed at low 

temperatures than those deformed at high temperatures. A prestrain 

treatment of 8% at room temperature followed by 5.5% further deformation 

at 138 'K resulted in a cell structure but with relatively straight disloca

tions within the cell. These straight dislocations were in contrast to the 

tangles within the cells observed after deformation at room temperature 

only. 

The appearance of this behavior in only the BMI iron is somewhat 

puzzling. One is led to suspect that the impurity content can influence the 

• I 
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stability of the substructure, perhaps by atmosphere pinning, although the 

mobilities would be quite low at these temperatures. 

Michalak and Cuddy<24) in their study of deformation structures of 

high purity zone refined irons noted the same temperature effect as Keh 

and Weissman. Also, they noted a variation in the distribution of disloca

tions with purity, with the purer material having the more uniform distribu

tion of dislocations. Moreover, they encountered difficulty in thinning the 

pure samples because of the ease with which the dislocations in this material 

rearranged during the thinning operations. 

It is interesting to note in Figure 31 (p. 71 ) that while the change of 

slope at 225 ex is quite apparent in the (~~) .versus T curves, it causes no 

anomaly in aT'): - T curve. However, it do~s give the appearance of a lower 

temperature dependence. Perhaps it is this effect that gives rise to the lower 

temperature dependence observed by Stein, et al(25) in ultra-high purity iron. 

VI. DISCUSSION 

A. THE PROBLEM OF EVALUATING r>!< 

The inability to determine accurate, absolute values for T>!< or, alter

natively, to evaluate Ti has been the greatest limiation in applying the theory 

of thermally activated flow to deformation processes. Flow stress in the 

temperature range of concern is made up of two components: T>:< which depends 

on strain rate and temperature and Ti which does not. It is simple enough to 

demonstrate that as the temperature is raised, the lower yield stress decreases 

and finally approaches a constant value when thermal activation no longer aids 

the dislocation movement. This temperature occurs at about 295 oK in Fe E 

iron and at about 315 oK in BMI zone refined iron for a strain rate of 0.002 
. -1 mm Increas ing the strain rate, of course, shifts this temperature to 

higher values, namely to about 320 oK in Fe E and 340 oK in BMI for a strain 

rate of 0.02 min - 1. The fact that T>!< has indeed gone to zero is also demon

strated by the absence of a stress change in activation volume tests conducted 

above these temperatures for strain rate changes from 0.002 to O. 02 min -1. 

The stress-strain curve of a sample deformed at a temperature above 

that at which T>!< goes to zero shows that 'f. increases with strain. This also 
1 
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indicates that 1"i will be modified by any process effecting the dislocation 

multiplication rate or the density of dislocations such as temperature of 

deformation, substructure, strain rate, etc. Since experimental observa

tions of 1* versus € indicate that in most instances p:< changes as well as 1"i' 

it becomes impossible to separately evaluate 1" . or 1"':C unambiguously from 
1 

the usual tests. 1". coulu also be expected to vary with temperature due to the 
1 

elastic interaction between dislocations which change with temperature. In 

bcc metals, however, this correction is relatively minor in comparison to 

the large change in yield stress; many investigators ignore it complete, while 

others apply a correction proportional to the temperature coefficient of the 

shear modulus. 

Michalak was the first to attempt a solution to this problem by com

bining thermally activated flow theory with dislocation dynamics. His most 

refined treatment(16) starts from the assumption that 

. m':-:: 
y a pbr>!< 

where m':< can be evaluated from 

" dlny m',- = . 
dln1"* 

Since if p is constant 

1" 2':< = 1" 1* + 61" 

or simplified to 

and solved for 1"1>!< to give, 

(22) 

(23 ) 

(24) 

(25) 

if m':< is a constant. (26) 

• 

.. 
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Since the values of T~:': and m::: are not known, one must devise a method 

for evaluating m':': from experimental data. Michalak did this by showing 

tha~ at 300 oK the valuE. of m - ~i~~ obtained by extrapolating m to zero 

strain is the same as m~i':, 

Using this method, he showed that Ti increases with strain while 1"~:( 

remains nearly constant. This indicates that the primary contribution to 

work hardening in iron is the increase in long range stresses due to occur

rence of dislocation tangling and cell wall formation. This identification of 

the role of long range stresses in work-hardening is an important observation. 

The method did not yield satisfactory results at lower temperatures: 

Michalak attributed this to dislocation multiplication during strain rate changes. 

Critical examination of the assumptions required in deriving the equations 

has revealed sevEral questlOnable points: first, the assumption that m at 

zero strain is equal to m:': implies that T. is zero at zero strain and, con-
1 

sequently, that the first dislocations to move encounter no long range stresses. 

Considering the finite yield stress observed when a sample is deformed above 

the temperature where a thermally activated process is controlling the deforma

tion, this first assumption is a bit difficult to accept. Unquestionably, there 

is a rapid dislocation multiplication in the yielding process, and the assump

tion that T.' 0 before dislocation motion occurs may be valid. However, to 
1 

apply thermally activated deformation theory one must assume the disloca-

tions are moving and have reached an equilibrium state characterized by a 

dislocation density and mean vElocity necessary to sustain the imposed strain 

rate. fo make such equilibrium tests and extrapolate the results to describe 

a nonequilibrium state seems questionable. It would seem that this should 

lead to a discrepancy between the t rue m~:' and m at zero strain. Michalak's 

results at room temperature for te sts at different strain rates do not show 

this discrepancy, although the best check test would be to compare thE results 

to direct velocity measurements by etch pitting techniques. As the tempera

ture is decreased, one would expect m at y ;: 0 to be a better approximation 

to m:~', since 'T. contributes less to T 1 as compa!:'ed to F~ In contrast to 
1 ap . 

expectations, m at yc 0 is found to increase very rapidly with temperatu!'e, 



51 BNWL-184 

and it leads to completely unrealistic values of 'T~:' when substituted into the 

basic equation, 

(27) 

Michalak attributed this increase to dislocation multiplication even though 

one commonly considers multiplication to be more difficult at low temperatures. 

In this study an attempt was made to refine this method and to reduce 

the assumptions required by obtaining enough information to eliminate one of 

the unknowns. Two tests were developed to accomplish this: the double 

strain rate change test and the stress relaxation tests. The results are 

described in the following section. 

B. DOUBLE STRAIN-RATE CHANGE TESTS AND STRESS RELAXATION TEST 

The principle used in the double strain rate change tests is simply the 

simultaneous solution of two equations in two unknowns. If the effective stress 

at a given strain rate, Y l' is 'T 1*' then an increase in strain rate to y 2 will 

be accompanied by an increase in effective stress 6'1 to a value of 12~:' = 'T
1

;:' + b.r. 

A further increase in strain rate to Y 3 will result in an increas: of ef.fective 
y 3 Y2 

stress, 6'T I to 'T3~:' = 'T2~:' + 6'T I = 'T1~:' + 6'1 + Lh: If the ratio of -. - = 10 
Y 2 '{I 

is employed, the m~:' equation can be solved simultaneously to find 'lIas 

follows: 

(28) 

Solving for T~}: 1 we find 

(29) 

• 

• 
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Thus> by using the double strain rate change test we can evaluate 'P:f. and 

m~~ directly from the experimental data without recourse to an extrapola

tion procedure or to assumptions about the magnitude of '1" i at zero strain. 

The major assumption is that dislocation multiplication during a strain rate 

change test is negligible. 

The values of LH and tJ. '1'" measured for tests on Fe E and BMI iron, 

and the calculated values of '1" 1~:" '1" 2:;c, and m':' are listed in Table II. A 

comparison of the values obtained for m':' by this method and those reported 

by Michalak show fair agreement at 295 ex: (3.3 versus 5.5) and at 241 oK 

(7.9 versus about 8). At lower temperatures the values increase more 

rapidly than those obtained by Michalak. 

TABLE II 

VALUES OF tJ.'T AND tJ.r / MEASURED FROM DOUBLE STRAIN RATE 

CHANGE TESTS AND VALUES OF '1"':< AND m':' CALCULATED 

FROM THE EXPONENTIAL VELOCITY STRESS RELATION 

Temperature, Observed tJ.r and Calculated, Calculated 
Material oK tJ.r 

; 
Kg/mm2 r ':' Kg/mm 2 m~;.; , 

Fe E 295 0.345 0.35 3.34 
0.688 0.70 

BMI 295 O. 660 0.65 3.29 
1. 33 1. 31 

Fe E 241 1. 256 3.62 7.92 
1. 68 4.88 

Fe E 204 2.00 26.2 31. 8 
2.15 28.2 

8MI 204 1. 80 36.6 53.0 
1. 88 38.4 

This temperature dependence of m~:( was much greater than one 

would predict. This greater dependence is shown by the following equations 

formulated by combining the concept of thermally activated flow with the 

dislocation dynamics approach. 
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The original Gilman-Johnston equation, 

(30) 

was modified to make it consistent with present knowledge of the thermally 

activated movement of dislocations. It was modified by substituting effective 

stresses for applied stresses and by adding a conversion factor to make the units 

cons istent. The modified equation has the form 

( 

T~:< )n v = v -
o T max 

(31 ) 

where v is the value of v at 0 '1< when p:< = T~:< Since v is related to y , 
o max 

and y can be expressed in terms of the activation energy for dislocation 

motion, the desired relations are 

T -', n 
y = pbv = pbv ( _" ',- ) 
, 0 T¥ 

max 
(32) 

and 

y = NAbu exp(- G/kT) = p Ibu exp(- G/kT) (33) 

where N is the number of points where thermal activation occurs per unit 

volume, A is the area swept per thermally activated jump, p is the disloca

tion density, I is the length of dislocation line active per jump, and u is 

the vibration frequency. By dimensional analysis it follows that v is equiva
o _', n 

lent to 1 u because both ( T~:<T"- ) and exp(-G/kT) are dimensionless. 
max 

Equating these two expressions for y gives 

T-" 
G = -nkT In ( _', ',- ) 

T',-
max 

(34) 

Because n is a constant at any given temperature and is found to vary 

inversely with temperature in direct velocity measurements by etch-pitting,(26) 

n can be expressed explicitly as n = c/kT, where c is a constant. Substitut-

ing this in the equation gives • 

( T-") G = -c In "r- = 
,-:.!::: 

max 
( 

T -', ) 
-c' log10 T~:< ,~ 

max 
(35) 

• 
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This equation predicts correctly that G approaches zero as T:" approaches 

T:\' at 0 1<, and predicts that G approaches infinity as T:~ becomes 
max 

small at the upper limiL 

An estimate of the constant c can be made from the preceeding 

equation if we recall that a value of 0 0 35 Kg/mm 2 was found for T';' from the 

double strain rate change test on Fe E at a strain rate of 0.002 min -1 and 

at a temperature of 295 CJ(. Estimates of the Peierls stress for iron are 

in the range 50 to 60 Kg/mm 2 , a reasonable value of G at 295 oK is 0.7 eV. 

This would yield a value of about 0,135 eV for c which in turn would yield 

a 'v~alue of 5,4 for n. These values are certainly reasonable. 

If c is evaluated from the experimental n values obtained from the 

double strain rate change tests and the equation c "'. nkT, a value of 0.084 eV 

is obtained for n' 3.3 at 295 oK. From the relation c ' nkT, one would 

then prE.dict n 4,05 at 241 oK and n' 4.78 at 204 oK. This is considerably 

lESS than the measurE:d tE:mpE:rature dependence. If Michalak's value of 

n ' 5.5 is chosen, c O. 140 eV and n values of 6.7 and 8. 0 are predicted for 

241 and 204 oK respectively. These latter values are in better agreement 

with observations but still predicts a lower temperature dependence that 

~hat experimentally observed. Among the possible causes of this behavior 

arE dislocation multiplicatiun (:as suggested by Michalak), a change in mech

anism' and incorrect equations. These are discussed in detail in Section C). 

Another method based on the combination of thermal activation and 

dislocation dynamics is the stress relaxation test. The basic fundamentals 

of this test have recently been described in the literature by Hull and 
127' ,{ 281, 

Noble, .! and Sargent. II The formulation of the test described here 
29> 

was developed indepEndently. It dlffers slightly from Hull and Noble's 

method by using the parameters of thermally activated flow rather than the 

applied stresses. 

In these tests the sample is deformed at a given rate to establish 

the flow stress. The machine is then stopped and the decay in stress as a 

functlOn of time is measured, The rate of change of stress can be relatE:d 

to strain rate by Gilman and Johnston's E:quations: 

36) 
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where E:M is the rate imposed by the machine, and E: and E: are the e p 
elastic and plastic components, respectively. When the machine is stopped, 

E: =0=8 +€ M e p 

The elastic strain rate is given by 

E: 
e 

= 
1 dT 

M crt 

(37) 

(38 ) 

where M is the modulus of the system. If the plastic strain rate is given by 

This equation can then be integrated from pl: = T':<. at time zero to T':< = T':< 
1 f 

- (1 - n) 
multiplying by T'\ gives 

(1 - n) 
E:M 
o 
n 

T 
max 

1 - St 

After taking the (1 - n)th root the equation becomes 

f -y 
(

p): ) -(A) 
p:\ = (1 - St) = (1 - St) 

This can be converted to a general form by making the substitutions 

(40) 

(41 ) 

( 42) 

P:<. = T. - T
f

, where T. is the flow stress at t = 0, T
f 

is the flow stress at 
1 1 1 

t = ro (which is the internal stress) and T*f = 'T - T f where T is the flow 

stress at any time t. The form of the equation is then 

( 43) 

.. 

• 
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This equation was used to compare the raw data 1"., 1", and t, with pre-
1 

dicted results for a range of a, S, and y. These were compared using an 

IBM 7090 computer; those with the lowest residual were selected as the 

representative values of a, S, and y for that specimen and temperature. 

A summary of the results of n I, and 1" ,!< at the beginning of the stress relax

ation; and 1"., the internal stress as predicted by the extrapolation of the 
. 1 

relaxation curve to infinite time, are given in Table III for six runs on Fe E 

and BMI iron. 

TABLE III 

SUMMARY OF STRESS RELAXATION DATA 

Sample T (CX) n P:«kg/mm 2) .!lkg/mm2) E: 

Fe E (12-3) 295 6.21 0.75 13.80 0.18 

(l0-3A) 204 8.6 8.04 9.02 0.086 

00-3B) 204 12.6 8.80 6.85 0.101 

BMI (l0-4A) 295 3.2 0.60 6.01 0.050 

(l0-4B) 295 3.7 1. 19 6.55 0.062 

{11-1) 204 18.9 16.0 0.00 0.080 

A comparison of the values of the exponent n obtained from stress 

relaxation tests (in Table III) and those from double strain rate change tests 

(Table II) shows fair agreement for the tests at 295 oK. It shows values 

of 3. 3 for the DSRC tests for Fe E and BMI and values of 6.2 and 3.4 for 

Fe E and BMI, respectively, from SR tests. Applying the relation c = nkT 

again, an n value of 9.0 would be predicted for Fe E at 204 oK, which 

agrees well with the first value 8. 6 obtained from SR tests. The results for 

Sample 11-1 are anomolous in predicting a value of 1" f = O. This is attributed 

to substructure breakdown and is discussed in greater detail in Section D. 

Samples 10-3 and 10-4 had two SR tests run on each sample at dif-

ferent strains. It should be noted that the n values, predicted by the analysis, 

increase with strain as do the 1"':< values. Apparently the n values are depend

ent on stress and should not be assumed constant at a given temperature 

unless 1"~:< is constant during the deformation. 
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The SR test provides an excellent indication of the relative change 

of T* and T. during deformation. An analysis is not necessary for quantita-
1 

tive comparisons at one temperature if relaxation is simply permitted to 

occur for a given time at several strains. The relaxation curve approaches 

a constant value in about 20 min at room temperature; proportionately longer 

times are required at lower temperatures. The results obtained for n, T')::, 

and 'T'. all seem reasonable, with the exception of Sample 11-1 (previously 
1 

noted), and indicate the test is a useful addition to the methods of investi-

gatmg thermally activated flow and dislocation dynamics. 

C. DETERMINATION OF 'T*-H RELATIONSHIP 

As shown previously, the flow stress is composed of both a tempera

ture and strain rate dependent component and a temperature and strain rate 

independent component. Because of the difficulty in separating these compo

nents by the conventlOnal methods employed in tensile tests, it is desirable 

to develop an analytical expression permitting their calculation from differential 

strain rate and temperature tests. Such an expression would also be useful in 

extrapolating data to points unattainable under experimental conditions. 

In this section it will be demonstrated that such an expression can 

be derived from the temperature dependence of 'T':<. The properties of these 

equations are compared and tested by their agreement with experimental data. 

In the previous section it was shown that a combination of thermally 

activated flow theory and dislocation dynamics can be used to formulate an 

expression for the activation energy in terms of T':< by substituting the empir

ical velocity- stress relation of Johnston a nd Gilman into the rate equation. 

This gives us the relations 

G = kT In (Yy~ ) = -c In ( p:< ) 
'1":>:::: 

o max 
( 44) 

where c = nkT. 

Starting from these equations, the original assumption, 

Y ('T'):: )c/kT 
Yo = P:<max 

(45 ) 

• 

• 
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as well as other useful relations can be obtained such as the temperature 

dependence at constant strain rate: 

(46) 

This latter expression can be more useful by converting it to a power series 

expansion 
2 2 ,.* J T ,.* = exp (- JT) ~ (1 - JT + ~ .... ) 

max 
(47) 

where 

[
k In(y / y)] 

J = 0 
c 

An expression for the stress dependence of the activation volume can 

also be obtained from Equation (44) since 

* = _(oG) = c [oln("*/"*max)] = c 
V ch* 0"* ,.* T T 

( 48) 

The relations derived above were found to fit the experimental data 

over limited temperature ranges but not over thw whole range. Several 

explanations of this observation were considered: one of them was the pos

sibility that this was not the best theoretical expression. For example, 

Dorn and Rajnak( 10) had proposed a theoretical ,.* - G relation for the Peierls 

model which approximated a log function at high stresses but deviated at 

stresses below 0.4 ,. , and predicted a lower limit with G = c at ,.* = O. As 
p 

Christian and Masters( 6) have shown, Dorn and Rajnak I s relation does not 

fit the data over the whole range either unless it is assumed that more than 

one mechanism is operative. (17) 

In view of these results another attempt was made to formulate an 

expression that would fit the data over the whole range of ,.*. The starting 

point was the experimental temperature dependence of ,.*. As shown in 

Section V-B. ~~* was found to follow a linear relation of the form 2AT- B. 

This could be integrated to give 

,.* = AT2 - BT + C (49) 
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The value of C is obviously 1"~:< , the maximum stress at 0 oK which will 
p 

be called the Peierls stress in this model. In addition, we can solve the 

equation as a quadratic, at the point p:< = 0 which occurs at the temperature 

T . The coefficients A, B, and C are experimentally found to be in the 
c 2 

relation B = 4 AC, so the discriminant for this equation is zero and the 

roots are real and equal, T = B/ 2A. Substituting these experimental c 
parameters into the equation for A, B, and C we arrive at the following 

equation: 

~~:< = (~ t 
p c 

(50) 

or its equivalent form, 

(51 ) 

When this empirical equation is substituted into the rate equation, 

(
Vo' Yo ( ) G = kTln T) = kIn y T 1 - ~ 1"~:< / 1" P (52) 

Noting that T is inversely proportional to strain rate, a possible trial 
c 

solution is 

T = 
c 

c 
k lny J y o 

which would simplify the activation energy to 

(53) 

(54) 

This expre ssion show s G going to zero as 1" ~:< approaches 1" at 0 ~, and 
p 

G = c when 1"~:< = o. Other equations can be derived in a manner analogous 

to that used for the velocity- stress equations. This would give the temp

erature dependence at constant strain rate: 

T = c 
(55) 

• 

• 
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the strain rate dependence at constant temperature; 

and the activat ion volume: 

V~:( '"' 1 / 2 d 'l 'l~1c ) - 1 / 2 
P 

(56) 

( 57) 

These equations would also predict the stress dependence of the velocity 

should be 

v cc. v e xp ( - c / kT) e xp [c / kT ( 1"~:' h ) 1/2 ] 
o P 

which at constant temperature would simplify slightly to the form 

V" v! exp [Kh;:' h p} 1/2 ] 

(58) 

(59) 

The parameters evaluted from the experimental temperature change 

data are listed in Table IVo 

TABLE IV 

EQUATIONS FOR 1"~~C VERSUS T FROM EXPERIMENTAL DATA 

Material 
. , -1. AC 10 -4) 1" 

P (Kg/mm2) 
T (oK) 

€ imm } B c l . 

----- -~~~.- ---
FE- E 0 0 002 7.20 0.425 62.8 295 

0.02 6,12 0.392 62.8 320 

EMI 0.002 6 0 09 0.392 63.1 322 

0.02 5.27 0.364 63.1 345 

The excellent agreement between the values of 1" p calculated from 

experiments at different strain rates should be noted, also the agreement 

between the Fe E and EMI samples. These values are also close to that of 

55 Kg/mm
2 

predicted for iron from Dorn and Rajnak's model of the Peierls 
. "lO) mechanlsmo' . 

An estimate of the value of c, the activation energy at zero stress 

can be cbtained in several ways. If the slope of the H versus T curve 
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(k In Yol y) is known, then c can be evaluated from T c = 
k In( Yol y ) 

c 

In fact, if the experimental data is accurate enough, the use of T 's from c 
different strain rates would provide one means of evaluating In -y 0 1 v . 

Another method, found to be the most accurate, utilizes the activation 

volume - ,.~:< relation; V~'f. = 112 c(,.p,.~:<)-1/2. With this method, values of 

,.~:< from the temperature dependence equation and values of V~'f. from strain 

rate change tests at a given temperature are substituted into the equation to 

solve for c. It was during application of this latter method to obtain con

sistency between temperature and strain rate data that the inadequacies of 

activation volume measurements from a single strain rate change in the 

low stress range were discovered. 

Estimating c first from values of the slope of the activation energy

temperature curve taken below 200 oK, we find In(yo/Y) is about 33 for a 

strain rate of 0.002 min -1 This gives values of c of 0.84 for Fe E and 

0.91 eV for BMI. 

To check the accuracy of the expression for T , we can solve for 
o 

In(-volv) from the T values found for two strain rates, assuming y does . . c 0 

not change and Y2 = 10 Yl Solving this relation for 

InC1) gives In (:0) In 10 

Tc 
1- 1" 

c 

(60) 

This relation yields values of 29.5 and 34.5 for lny I y for Fe E and BMI, o 
respectively. These results are quite good considering the sensitivity of 

this relation to small errors in T . To get reliable values for lny I Y , c 0 

the experimental values of T should be correct to within about ± 0.2 oK 
c 

while the present results are probably in error by about ± 2 to 5 oK. 

Estimates of c from Vi,< and p:< values at 77. 4 ~ from the equation 

V* = 1/2c(" ,.~:<)1/2 are given in Table V. 
p 

• 
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Material 

Fe E 

BMI 

62 

TABLE V 

ESTIMATES OF c FROM V''f. AND T':< DATA 

AT 77. 4 <;( AND o. 002 min - 1 € 

V':< x 10- 22 cm3 , T~< , Kg/mm2 

1. 61 33.7 

1. 72 36.2 

BNWL-184 

c, eV 

0.91 

1. 01 

These results are slightly higher than those estimated from the H versus 

T data, but the value for BMI is still slightly larger than for Fe E. 

Before refining these values further to improve the consistency 

between temperature change data and strain rate change data, it is neces

sary to analyze our method of calculating the activation volume. If we 

examine the data from temperature change experiments, we see that T':< 

goes to zero at 295 oK for Fe E. The relation, which we have derived for 

the activation volume, T''f. = ( c 2)' indicate s V':< should approach co 

4 T V~< 
P 

as T':< goes to zero. This is obviously not the case where we calculate V* 

(
6 I .) from kT 6~Y . V':< calculated by this method would not go to co until 

the strain rate change test was conducted above T c for the higher strain 

rate. If we are to obtain consistent results from these two tests, then we 

must refine our method of measuring V':< as the tangent to the In Yo/ y 
curve at Y1 rather than as the secant between '1\ and Y2. An illustration 

of this problem is shown in Figure 26 where a hypothetical In(yo/ y) 
versus T'l: curve is drawn assuming T = 295 oK, c = 1. 00 eV, and 

T p = 63.0 Kg/mm2 . At the point where T':< goes to zero, the tangent would 

be infinite while the secant for a ten fold increase in strain rate is still 

finite. As the curvature decreases, the values of the tangent and secant 

approach each other, and the approximation becomes permissible. 
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An estimate of the values of the tangent at a given strain rate was 

made by applying the method of finite differences(30) to the data obtained 

from double strain rate change tests. The equations for backward dif

ference, central difference, and forward difference for three points 

respectively are: 

• 

• 
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d~ I 
d In ( Yo I y ) -(1 

= 2~3 [6~ - 1/2(6~' - 6~) ] (62) 

d~ I 1 ( 6~ ~ 6~ ') 
d In( y 7 y) . = 2.3 

o y 2 
(63) 

d~ I 1 [6~/+ 1/2(6~'1- 6~)J 
d In( y 7 y) . = 2.3 

o Y3 
(64) 

The activation volume could then be calculated from these values in the usual 

way; 

These results are tabulated in Table VI which shows the measured 

values of 6~ and 6~ I from double strain rate change tests; the estimated 
~r: *: ::* 

values of 6~ centered at i l' ~ 2' ~3 which are designated D 1 , D 2 , and D 3; 

and the activation volumes calculated from these values, V~ l' V62' Vt3' 

Note the large changes in activation volume this correction makes for mea

surements in the low stress range (295 oK). 

Before evaluating c from these improved values of V~, let us con

sider some additional ways where we can improve the consistency of the 

results and check the validity of the equation. 

In Part III-A, it was shown that H could be evaluated from experi.-

mental data from the equation H = -TV'}:(~;) and that the entropy, -(~~) , 

Y (.6~ ) ~* was a constant. In Section V - B we demonstrated that .6T was a linear 
y 

function of temperature as was H in the high stress range. H /T should then 

be a constant, and we could also expect l/V'!' to be a linear function of T. 

This can also be seen from the derived relation for V,!,, V,!, ~ \h':'(1~ TIT) 
P c 

Such a test would be extremely useful for estimating V)!, at temperatures 

unattainable under actual test conditions such as a point at 0 ~. Such a 

plot of l/V* versus T is shown in Figure 27 and is seen to have a linear 

temperature dependence. 
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TABLE VI 

COMPARISON OF MEASURED AND ESTIMATED VALUES 

OF 6'1" AND V~:' 

Material BMl BMI Fe E Fe E Fe E 

" T 295 204 295 241 204 

I::, '1", 

Kg/mm 
2 0.66 1. 80 0.345 1. 256 2.00 

I::, 'r , 

Kg/mm 2 1. 33 1. 88 0.688 1. 68 2.15 

D
1

, 

Kg/mm2 0.33 1. 76 0.174 1. 044 1. 925 .. 
D2' 

Kg/mm 
2 0.995 1. 84 0.516 1. 468 2.075 

D 3 , 

Kg/mm 2 1. 66 1. 92 0.859 1.892 2.225 

," 
V' 

1 ' 
x 10- 22 em 3 14.5 3.68 27.7 6.22 3.31 

.,t., 

V'2 ' 
x 10- 22 em 3 7.18 3.52 13.9 4.54 3.08 

• VD1 , 

x 10- 22 em3 29.0 3.76 54.9 7.48 3.43 

VD2' 
x 10- 22 em 3 9.61 3.59 18.5 5.32 3.19 

VD3 ' 
x 10- 22 em3 5.76 3.44 11. 1 4.13 2.97 
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600 

Values of V* at 0 oK from this plot are found to be 1. 20 and 

1. 29 x 10-
22 

cm 3 for Fe E and BMI iron, respectively. Assuming 

b = 2. 50 A for iron, these values are 7. 7 and 8.3 b 3 respectively, which 

are quite reasonable for limiting values of V*. Using these limiting 

values of V* we can calculate c from the V~:< - T* relation and find values 

of 0.930 eV for Fe E and 0.995 eV for BMI. As previously noted these 

represent the value of H at T~< = O. This value in turn can be used to plot 

the V~< - P:< curves (Figure 28). 

A further implication of obtaining consistency between the strain 

rate change tests and the temperature change tests is that the activation 
6r 

energy calculated from the H = -TV~'f. 6T relation is now linear over the 

whole temperature range (Figure 29). There is still some scatter in 

these results, but they represent only one test sample at each temperature 

and are of course estimates from the finite differences method. If smoothed 

values taken from the curves are used, we obtain the results shown in 

Figure 34 (p. 78). 
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A further test of the applicability of these equations formulated 

from the empirical temperature dependence of '1" >:< can be obtained from 

double strain rate change tests, 

From the equation for the activation volume we have shown that 

where 

a= 1/2 C'1" -1/2 
P 

1/2 

Using the approximation 6lnv / Yo = In Y2/ Y 1 ,we can write 

'/' a ~-1/2 In Y2 Y 1 = kT '1"'0- 6'1" 

Applying this to the DSRC tests with y 3 = 10 Y 2 = 100 Y 1 so that 

we can obtain the relation 

-,-
Solving this for '1"'1' we find 

In contrast to the formula 

derived for an exponential velocity- stress relation, 

(65) 

( 66) 

( 67) 

(68) 

If the D 1 and D2 values are used rather than 6'1" and 6'1" '; we obtain 

the results shown in Table VII. 
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TABLE VII 

COMPARISON OF 1"'1< VALDES FROM TEMPERATURE DEPENDENCE DATA 

AND CALCULATED VALUES FROM DOUBLE STRAIN RATE CHANGE DAT A 

'T~:( Calculated from 
Material ;Ql and D2 1"': (T i DSRC Test 

Fe E (295) 0,174 0 0,022 
0.516 

Fe E ~241) 1,044 2.0 1. 08 
1. 468 

Fe E (204) 1. 925 6.0 11. 9 
2.075 

BMI <295K) 0,33 0.5 0.041 
0.995 

BMI {204Kl 1. 76 8.5 18.9 
1. 84 

These results should be compared with those obtained in Table n 
where similar calculations were performed by using the relation derived from 

an exponential velocity-stress relation. 

Although the agreement between measured values of p:':{T) and 1":i< 

values calculated from double strain rate change tests is far from good, the 

values in Table VII are in better agreement than those in Table n. especially 

at 204 OK. These results are Extremely sensitive to experimental errors, 

and the source of this error is probably substructure breakdown or dislo

cation multiplication. The values of T:(T) may also be somewhat in error, 

especially in the low p:' region near room temperature. 

in summarizing the treatment of the experimental data, we can say 

there are two possible methods to analyze the data and formulate equations. 

The first and most commonly used method employs the empirical exponential 

stress dependence of the dislocation velocity, while the second method devel

oped in this paper employs the empirical temperature dependence of the 

effective stress. By use of the rate equation these two expressions can be 

converted to equivalent forms and tested by their agreement with the experi

mental data. The method using the empirical temperature dependence of 

.. 
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the effective stress is found to be consistent with both temperature change 

and strain rate change data over the whole range of temperature and strain 

rates investigated. The velocity relation can be used satisfactorily for a 

given temperature but is not valid over the whole range of temperatures. 

This is most readily seen by examining the derived temperature dependence 

for this equation. The predicted coefficients in the experimental equation 

'r~:' '0 AT2- BT + C should be in the relation A = B2 /2C while experimentally 
2 

they are found to be A :.;: B / 4C. A second test is the predicted relationship 

between v~~( and r~:<. and again the relation V~:< ::; a is a better repre-
, 'p:,1/2 

sentation of the data than the V~:<. " ~ / r~:< relation predicted from the exponen-

tial stress equation. The consistency of the r~:< - T and V~:' - 'T~:' relations 

is shown in Figures 30 and 31 where the calculated and experimental values 

of pi' are compared for Fe E and BMI iron. A third, though less conclusive 

test would be the double strain rate change test just discussed. In addition, 

it has been pointed out that the r p value predicted by the temperature depend

ence equation is very close to theoretical estimates of thi~ quantity. Finally, 

the calculated activation energy is close to the experimental values, especially 

at low stresses where the velocity relation would predict an infinite activa'~icn 

Energy. 

Although it is not the primary purpose of this paper to develop a 

theoretical model, agreement with a model already in existence is satisfying 

and lends credence to the validity of the formulation. 

After determining the analytical form of these equations, a literature 

search was performed to see if any models with these properties had been 

proposed. Such a model was considered by Friedel(8) in his simplified 

analysis of the nucleation of double kinks to surmount the Peierls stress 

hill. Friedel, in this relation, predicted a temperature dependence of the 
2 form 0 "'" 0 (1 - T / AT ) for T »T . If 0 is interpreted as r~:'; .. and 0 

coo c 
as 'T" to make it consistent with a thermally activated flow model, the 

resulfs are of the same form. His evaluation of kT = U( r>i' ::c 0) 0: 2b2
(W 0 )1/2 

o c 
is also in excellent agreement with the relation derived in this paper which 

gave kT '"' U( p:< = 0) := C Evaluating this from the V>:< relation gives o . 
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If V':< = b 2{ 
0' 

and { is evaluated from Friedel's expression as 
o 

W 1/2 W 1/2 
{ 

0 
o = _0--,-_ 

cr - cr T'l: 
= 

c 

then 

kT = 2 b 2 W T 1 / 2 
o 0 P 

2 
W is approximately 1/2 ~ b . Friedel's relation predicts a change in temp

o 
erature dependence near T to a form 

o 

cr =- cr exp (T / T - 1/ A) c 0 

where A = _ 1n [109 ~{3 <0/5/4J 
which was not observed experimentally, although it may occur in the region 

very close to T . o 

Dorn and Rajnak(10) have formulated a much more detailed model 

of the nucleation of double kinks, which is nonanalytic in form but can be 

evaluated with a computer. The solution of this equation is plotted graphic

ally in Figure 32 in terms of T /T versus T':< / '1' and is compared with the c p 
empirical relation 

T / T = (1 -v '1'* / '1' ) 
C P 

and 

T / T = - log T':< / T 
C P 

It is most interesting to note that these relations are all quite similar 

in shape and over a limited region all could probably fit the experimental 

data if the proper values for the parameters T and T were selected. The 
p c 

test would seem to be selecting parameters that would fit in both the high 

and low stress regions equally well. 

It has been demonstrated in this paper that the experimental data 

for iron fits the expression 

T / T = (1 - V --;>:< h ) 
c p 
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p c 

very well over the whole range of temperatures and strain rates investi

gated. Christian and Masters(6) (in Figure 4 of their paper) have com

pared data for vanadium and tantalum with Dorn and Rajnaks Curve, and it 

is interesting to note that the greatest deviation occurs in the same region 

as for iron. It appears that both the vanadium and tantalum curves would 

come very close to fitting the (1 - '1/ T* IT) relation. 
p 

The thermally activated mechanism controlling the deformation of 

iron in this study is unquestionably the Peierls mechanism at low tempera

tures. At intermediate and high temperatures the data does not fit Dorn 

and Rajnak's equation, but still describes the deformation using the same 

parameters as at lower temperatures. A possible explanation is that 

interstitial impurities are interacting with the kinks to make nucleation 

easier. Dorn (31) has considered the possibility of such a phenomena but 

has not formulated an expression for such cases. The mechanisms for 

BMI and Fe E are very similar but have slightly different values of c, 

0.995 and 0.930 eV and slightly different values of T , 63. 1 and 62.9 Kg/mm2 . 
p 

• 

• 
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These slLght differen~es can be seen in comparing measured activation 

volumes at 295 "K (from secant measurements) which are believed to be 

outside thE' limits of experimental error. Similar small differences were 

noted in the activation volume measurements on irradiated BMI and Fe E 

iron. n It was concluded from these observations that small defect clusters 

may also modify the basic Peierls mechanism slightly but do not produce 

a complete change in mechanism. 

D. PROBLEMS OF INTERPRETATION - CHANGE OF PRE-EXPONENTIAL 

AND ST:BSTRlJCTURE BREAKuOWN 

In the application of rate theory to the problem of thermally activated 

flow, it is necessary to make several simplifying assumptions. The first 

assumption is that the pre-exponential, 

y "pb.tu 
'0 

remains approximately constant during the experiment, and the second is 

l.:hat the long range internal stress, To, does no: change appreciably whe,n a 
1 

strain rate change is performed or when thE' temperature is changed, 

Considering first the behavior of the pre-exponential, it is apparent 

that: two quan~ities may be subject to change during deformaticn p and .t. 

The density of mobile dislocations, p, is very difficult to measure directly 

although :ndications of multiplication can be seen in drop- in -load yield 

points and ultrasonic attenuation measurements. Direct measurements of 

dislocation density by electron transmission microscopy, of course, yie 1d 

only counts of the total densi~y and not the density of mobile dislocations. 

The major ,-:;hange in p occurs i.n the preyield region just prior to the, load 

drcp. :n samples Exhibiting a Llideris band, this occurs in a localized region 

of strESS concentratlOn and normally near the ends of the gagE leng':h. 

Du.r:ng 7:he Luders extension this localized yielded region moves along the 

gage length until the er..tirE' section has yielded; then work hardening bEgms. 

The :c:al dislcca~icn density increases during work hardening as tangles 

aLd CET~ walls form. ThE' E'xact geometry of this substructurE' has been shO\~n 

to be dependEn: on the :emperature and strain rate a~ which dE'formar:ion 

cc:-~urs. ,,' A As dislocaticns arE immobilized in forming the s'J_bstructurE, 
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it is apparent that more must be produced if a constant velocity is to be 

maintained in the population of moving dislocations. The balance between 

dislocation density and dislocation velocity must be governed by the ener

getics of the multiplication mechanism, but little is known about either the 

mEchanism or the energy required to cause multiplication. In lieu of detailed 

information about this quanti~y we assume that the density of mobile disloca

tions remains approximately cons~ant: after the Luders extension is complete. 

Inspection of the rate Equation, 

lny (70 ) 

shows that a changE in either y or y will produce a change in G {or T~icL If 
o 

the same changE in 'y is imposed on the sample over a range of strains, and 

if there were no change in y the resulting 6,-would be expected to remain o 
constant, A glance at Figure 15 shows that thi s situation is seldom encountered 

although deviations are usually smalL 

The significance of this is pErhaps best seen with an example worked 

out with the aid of Figure 26, which show s the .relation between In y 0/ Y and 

'pi Assuming we haVE a sample wlth v of 10
12 

deformed at a rate of 10- 5 
. 0 

- i ' . 
sec ,the valuE, is In Yo/ y .C 39. :2. A tenfold increase in strain rate with no 

change in Yo changes this value to 36.8, with a corresponding increase in T~:c 

of 0.68 Kgimm 2 . Novi.' consider a case where thE dislocation density increases 

d · h . . h . . t 10 12 . 5 Th I f urmg t E stram rate c ange so as to mcrease Yo 0 ' e va ue 0 

In y 01 y after :he strain rate change is now 37.9, and the corresponding change 

in .,-':: is only O. 13 Kg/mm2 , thus demonstrating the influence of an increase 

in Yo during a st.rain rate change on the measured increase in stress. It 

should be noted that an increase in t;he measured value of 6.,-';( with strain could 

be caused by decreasing amcunts of multiplication as the deformation proceeds. 

it should be emphasized that changes in V::: with strain are very dif~ 

ficult to analyze) and the interpretation must be made in terms of the model 

assumed, We might, for Example) observe a change in the real value of V::c 

with an intersection model, but we would not expect a real change in V':( for 

a fixed barrier model or for the Peierls mechanism at constant temperature, 

.. 
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Changes in the apparent activation volume could be produced by changes in 

y during a strain rate change, and these in turn could be caused by either 

a change in p or .{,. In the Peierls model we would expect to see only changes 

in p. 

Assuming the Peierls model is applicable, we can estimate the 

increase in p with strain with respect to a reference point in the following 

manner: The true activation volume at the reference point is given by 

[LHn( ~ / y' )] 
, 0'" 

V':< = kT ..L 
1 6'f~< 

2 

(71 ) 

while at a second point, the true activation volume is 

[61n ('y / ~ )] 
'0 T (72) 

and will be equal to V':< 
1 

We actually calculate apparent activation volumes 

V = kT( 6lny ) 
1 6'f

1 T 

and 

V = kT(6ln
y ) 

2 6'f 2 T 

which are not equal. Let us assume that at the reference point 

V = V':< = V:!,< 
112 

(73) 

(74) 

(75) 

so that we can solve for the ratio of y before and after a strain rate change. o 
At constant temperature for a ten -fold increase in strain rate, this gives 

2.3 
6 'f 1 

which reduces to 

log 

= 
2.3 - 2.3 610g10 Yo 

6'f 
2 

(76) 

(77) 
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Applying this relation to the data for BMI iron at 0.05 and 0.35 true strain 

where 6'1" decreases from 0.663 to 0.428 Kg/mm2 , we find a ratio of 2.26. 

We conclude then, that the change in 6'1" with strain in this sample is due to 

the fact that multiplication during a strain rate change is 2.26 times greater 

at a strain of 0.35 than it is at 0.05 strain. 

Another problem in interpretation of the experimental results arises 

from the possibility of a change in '1". during strain rate or temperature changes. 
(14) 1 

As Keh and Weisman have shown, the gross appearance of the substructure 

depends upon the temperature and strain rate at which deformation is conducted. 

Changing the temperature of deformation after prestrain at a different temp

erature also caused a rearrangement of the substructure. 

A possible case of such behavior was described in Part V, B, where 

the (~~)l' values for BMI iron below 225 ~ fell below the values predicted 

from the behavior of Fe E iron and BMI iron tested above 225 oK. The tests 

from which these low values were obtained were characterized by a gradual 

decrease in stress following yielding as shown in Figure 25. A simple analysis 

of this data is adequate to show that the points in question are in error because 

the measured values of 6'1" do not correspond to real changes of p:' at these 

temperatures. This is done by subjecting the questionable value to the analysis 
6'1" 

used to find H in the previous section. If these values of 6T are plotted 

versus l/V*, the intercept at ~~ = 0 is a negative value of l/V~:' rather than 

o (Figure 33). Such a value of V~:', of course, cannot correspond to physical 

reality. These erroneous values of ~~ also lead to a nonlinear H versus T 

curve (Figure 34). Since the values of ~~ predicted from the initial portion 

of test above 225 ~ yield realistic values of l/V~:' at the intercept and a linear 

H versus T relation they are considered to give a true value for ~~ below 

225 oK. Dislocation multiplication might also cause a decrease in 6'1" but this 

usually becomes more difficult at low temperatures. 

Based on these facts, the conclusion is reached that the anomalously 

low values of 6'1" observed below 225 oK are due to a breakdown of the sub

structure formed during deformation at a higher temperature. This phenomena 

does not invalidate the test because '1"~:' is not dependent on substructures. It 

• 
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simply means that deformation at each temperature must be great enough 

to establish the substructure characteristic of that temperature before taking 

the next data point. 

This observation raises another question which should be considered 

in more detail, how does the impurity content influence the stability of the 

substructure? A comparison of the ~; experiments for BMI and Fe E iron 

indicate that the substructure in Fe E must be more stable and the impurity 

content is the most obvious difference in the samples although the smaller 

grain size in the Fe E may also be a factor. As previously mentioned, Michalak 

and Cuddy(24) noticed differences in the substructure of deformed iron which 

appeared to be related to purity. 

Another interesting possibility related to this is the lower temperature 

dependence of the yield and flow stresses observed in high purity iron. In 

the present experiments it has been shown that the magnitude of '1". can be 
1 

influenced by the substructure formed during deformation, which in turn 

depends on the temperature of deformation. To obtain reproducible values 

of 'T"':< as a function of temperature, it was necessary to strain the material 

at a given temperature until the substructure characteristic of that tempera

ture had formed before lowering the temperature for the next test. Omission 

of this procedure resulted in a lower temperature dependence than anticipated 

in all tests performed below 225 oK. This decrease in 'T". with temperature 
1 

due to a temperature dependent substructure may well be the source of the 

anomalous behavior of the temperature dependence of flow stress in high purity 

iron. It is not yet clear how this should be applied to the yield point where 

the substructure is still in the process of formation and dislocation move

ments are probably confined to the interiors of separate grains. 

E. DISCUSSION OF POSSIBLE MECHANISMS 

It is quite difficult to differentiate between the various possible mech

anisms which may be controlling the thermally activated flow process, espe

cially in cases where there may be series or parallel mechanisms operative 

at the same time. The small activation volumes measued in bcc metals have 

eliminated intersection as a likely candidate among those mechanisms described 

• 

• 

'. 

• 
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in Section III-B. In addition, there is general agreement that the forma

tion of double kinks to surmount the Peierls stress hill is the controlling 

mechanism at low temperature in all the bcc metals. Today the major area 

of uncertainty is centered around a satisfactory explanation of the mechan

isms which come into play above the region where the Peierls mechanism 

is operative. Among those which are most frequently considered are pre

cipitate particles, cross- slip, and the motion of jogged screws. Christian 

and Masters(6) in their analysis of possible mechanisms concluded on the 

basis of the variation of V':< with 'P:< at low temperature (and high stresses) 

that the only mechanisms compatible with the rapid variation of 'T * with 

minor changes in d were those involving dislocation-lattice interactions; the 

Peierls mechanism or cross-slip were the most likely. They further con

cluded that the experimental data is not sufficiently accurate to establish if 

there is a change in H at the higher temperatures. This would be indicative 

of a change in mechanism or the superpositiun of other mechanisms, and 

there is no indication in the activation volume measurements that such a 

transition occurs. 

The results of this investigation confirm these conclusions in the 

low temperature, high stress region, and contribute several new insights 

into the possible mechanisms in the low stress region. It has been shown 

that the data can be treated in an analytical form with parameters deter

mined from the experimental data which are consistent for changes in 'T':<, 

T and € and which permit evalua tion of Hand V':<. Specifically, it shows 

that the large value s of V':< obtained experimentally are consistent with the 

values of Peierls stress and activation energy obtained at low temperatures, 

that impurities and radiation damage produce large changes in V':< at low 

stresses (but small changes which would be within the limits of experimental 

error at low temperatures), and that the apparent change of H as a function 

of temperature in the low stress region can arise from t he failure of 

6lny/y dlny/v 
00 

6'T to be a good approximation to d'T in the low stress region 

where In y / Y 0 is changing rapidly with 'T*. In addition, the discovery of 

substructure breakdown in the zone refined iron, appearing as a readily 



81 BNWL-184 

apparent break in the d T / dT versus T curve and showing no discontinuity 

in the T':" -T curves, suggests a possible explanation of the lower temperature 

dependence often observed in high purity iron, 

On the basis of this evidence then, the additional possibility is sug

gested that: 

• The nucleation of a double kink to surmount the Peierls stress 

hlll is the rate controlling process over the whole range of temp

eratures from 0 ')( to T f300 to 350 Y) c 

• The Peierls mechanism is modified by the presence of small 

precipitates or clusters of interstitial atoms produced by neutron 

bombardment in such a way that the nucleation of kinks is made 

easier {activation energy lowered) in comparison with an unmodified 

Peierls mechanism, (Clusters of interstitital atoms must be less 

effective than precipitate particles in modifying this process since 

radiation damage caused an increase in the activation energy of 

FE F,I. 

• There were some indications that radiation damage might be causing 

a decrease in the Peierls stress as well as changing the activation 

Energy slightly, but a definite conclusion on this point must be 

deferred until additional data from higher exposures is obtained. 
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