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ABSTRACT

The velocity of dislocations in pure iron monocrystals as a
function of applied stress was measured by observing the change in
length of dislocation slip bands after the application of a constant
stress amplitude load pulse. Measurements covered a range of
stresses from 10 to 500 Mdynes/cm2 and temperatures of 393, 295,
198, and 77°K.

The dislocation velocity at constant stress was found to be a
sensitive function of temperature. However, the nature of the varia-
tion of the velocity with temperature was found to be inconsistent with
theoretical formulations of thermally assisted dislocation motion.
The nature of the disagreement between the experimental results and
the thermal activation models is similar to that previously observed
in niobium and Fe-3%0Si . The decrease in dislocation velocity with
decreasing temperature was also found to be too large to be attributed
to hardening from the small amounts of impuritiés in the crystals.

The behavior of the dislocations as determined by this study
was found to be consistent with predictions made from measurements
of the macroscopic yield stress. However, the results of this study
differ markedly from the behavior predicted from measurements of

the strain rate sensitivity of the flow stress.
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I. INTRODUCTION

A great deal of work has been done which attempts to relate
the temperature dependence of the yield stress in iron and steel to the
behavior of individual dislocations. The first mechanism proposed by
Cottrell and Bilby (1)* and later refined by Fisher (2) was the thermal-
ly assisted release of dislocations from atmospheres of impurity
atoms. However, other investigators (3 - 5) showed that pre-yield
micro-strain, lower yield stress, and flow stress at large strains ex-
hibit the same temperature dependence as the upper yield stress.
These observations seemed to indicate that the temperature depend-
ence of the flow stress in iron is more closely related to the proper-
ties of free moving dislocations than to the freeing of pinned disloca-
tions. Therefore, it was concluded that the motion of free disloca-
tions in iron and other BCC materials must be controlled by a
the rmally activated process. This conclusion was given additional
support when Stein and Low (6) showed by direct measurement of dis-
location velocities in Fe - 3% Si alloy that the relationships between
dislocation velocity and resolved shear stress are strongly tempera-
ture dependent.

Three thermal activation controlled processes have been pro-
posed as the mechanism which limits dislocation motion in BCC ma-
terials (7):

1. Non-conservative motion of jogs on screw dislocations (8);

2. Overcoming the Peierls-Nabarro (Peierls) energy bar-

b3

Numbers appearing in parentheses indicate references listed at the
end of the thesis.



rier (9-11);

3. Overcoming the energy barriers of a random dispersion of
impurities (12 - 14).
Each of these processes can be assisted by the thermal fluctuations of
the crystal. Therefore, each gives rise to a dislocation velocity with
the following functional form:

v = v (T,7) exp(»-—_g-(g%i)), [1]

where v is the dislocation velocity, k is the Boltzmann constant, T
is the absolute temperature, and T is the resolved shear stress tend-
ing to move the dislocation. The activation energy (U) and the limit-
ing velocity (vo) are quantities which depend on the mechanism. U and
v, are generally functions of temperature and stress.

Each of the above mechanisms is supported by some experi-
mental evidence. However, the first mechanism would require a very
high density of jogs and is generally considered to be the least likely
of the three. Each of the latter two mechanisms has received con-
siderable attention in recent years in terms of both theoretical and
experimental treatments (10, 11, 13 - 22). However, the predicted
‘behavior of dislocations from the two mechanisms is so similar that it
has so far been impossible to unambiguously determine the dominant
mechanisim.

The Peierls energy barrier, which was first proposed by Oro-
wan (23) and calculated by Peierls (24) and later refined by Nabarro
(25) arises from the fact that the energy of a dislocation varies with

its position in the unit cell of the lattice. Because of this variation,
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the dislocation moving through the lattice experiences a periodic
force with period ba:< where b is the magnitude of the slip vector and
the spacing of equivalent sites for the dislocation. Since the Peierls
energy depends on the imperfectly known interatomic forces in the
crystal, calculations of its magnitude are subject to a considerable
error. Therefore, most models which treat the Peierls energy at-
tempt only to predict the nature of the activation process, leaving to
experiment the determination of the magnitudes of the quantities in-
volved.

The theory of the motion of a dislocation through a material
with a large Peierls energy was first introduced by Seeger (16) and
has since been treated by many others (17 - 20), The basic premise
of all treatments is that in a material with sufficiently high Peierls
energy, dislocations lie predominantly in the low energy positions of
the lattice. Motion of the dislocation takes place when thermal fluctu-
ations of the crystal aided by the applied stress activate a segment of
the dislocation over the energy barrier into the next "Peierls valley."
If a critical length is activated, motion of the rest of the dislocation
occurs by growth of the length of the activated segment. Thus, for the
Peierls mechanism, the activation energy is the energy required to
move a critical length of dislocation across the barrier. v _ is the
product of the attempt frequency and the distance moved per activa-

tion. For this model, the stress and temperature dependence of vy

Actually, the distance between low energy sites is not necessarily
equal to b for screw dislocations. However, for simplicity, it is as-
sumed equivalent for both edge and screw dislocations in this discus-
sion.
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can generally be ignored, but the activation energy has a complex
stress dependence which depends on the shape of the barrier and the
critical segment configuration.

The mechanism of solution hardening in BCC materials was
first mentioned by Nabarro (26) and extended by Fleischer (13) and
Kumar (15). The hardening arises from the fact that interstitial im-
purities in the BCC lattice produce large asymmetric distortions.
Therefore, the salute atams interact strangly with the stress field of
a dislocation. In this case, a dispersion of solute atoms acts as a
series of obstacles which, at low stresses, the dislocation can move
through only with the aid of thermal activation. Like the Peierls
energy, the interaction energy of the dislocation with the impurity
atoms is difficult to calculate exactly, especially at very close dis-
tances of approach where linear élasticity theory cannot be assumed
to hold. In addition, the interstitial atoms form a random array of
obstacles, and so, unlike the case of regular Peierls barriers, the
behavior of a dislocation moving through an array of impurity obsta~-
clcs decpends on the statistics of the distribution (27, 28). This once
again gives rise to a model where the activation energy is dependent
on the applied stress, but where the functional form of the dependence
is not well understood.

A great deal of work has been done which purports to measure
the dislocation velocity in iron (6, 10, 11, 21, 29 -32). However, the
vast majority of the work involves the inference of the dislocation ve-
locity from some other measured property. This always requires

assumptions about non-measurable quantities. The methods which
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have been used to infer dislocation velocity include measurement of:

1. vyield stress

Z. microstrain

3. creep rates

4. internal friction

5. stress relaxation at constant total strain

6. stress changes for an instantaneous change in strain rate.
All methods involve an assumption of the density of moving disloca-
tions in order to infer the dislocation velocity from measured parame-
ters. Furthermore, the association of a free dislocation velocity
with quantities measured by the above methods depends on the as-
sumption that the same me chanism is rate controlling throughout the
early part of the stress strain curve up to a few percent strain. This
last assumption is highly questionable in view of evidence (33) that
the dislocation velocity parameters inferred from measurements of
types 1 and 2 depend strongly on the sensitivity of the measurement
of plastic strain. Methods 5 and 6 have also been shown to depend on
the amount of workhardening which has taken place.

Although the form of equation [1] is quite general, various
investigators have found that experimental results often do not fit the
theoretical expression. They have therefore introduced the idea that
athermal processes occur similtaneously with the thermal activation
of the dislocations. The effect of these processes i1s to produce a
drag force on the dislocations. This drag force is included in the
theoretical expressions by replacing the applied stress by the quan-

tity 7% = 7, ~-T; where T%* is the effective stress, T, the applied
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stress, and T is the equivalent of the athermal drag. Although TS
is taken to be a constant, theoretical calculations (34) show that an
internal stress field which varies with position in the body and has a
zero average value will also reduce the average velocity of the dis-
locations. It is quite probable that such athermal processes do in-
deed occur within crystals during plastic deformation. However,
since in practice the magnitude of T is not known from independent
measurements, T. is esscntially anothcr adjustable parameter which
can be varied to obtain a best fit between theoretical expressions and
experimental results. The practical effect of the introduction of TS
is the elimination of any possibility of separating the mechanisms of
Peierls and impurity hardening by comparison with the results of
the already ambiguous experiments described above.

The unfortunate result of the ambiguity of the experimental
evidence and the flexibility of the theories is that too often authors
start by assuming the validity of their favorite theory, adjust the pa-
rameters of the theory to fit the experimental results, and finally by
somewhat circular reasoning conclude by claiming the good [il of ex-
periment to theory as proof of the validity of the theory (35). The is-
sue is further confused when authors can include or neglect the possi-
bility of a temperature dependence for U and v with little theoretical
justification for either position (36, 37).

The present work was conceived as a step in making a critical
test to see if the dominant mechanism for limiting dislocation velocity
could be determined. The single factor which should be able to dis-

tinguish between the two popular theories is the effect of interstitial
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impurity content on dislocation velocity. Howcver, an experiment
designed to show the presence or absence of an impurity concentration
effect must be free from as many sources of controversy as possible
if it is to be convincing. For example, assume that the iron test ma-
terial contains both a substitutional and an interstitial impurity which
can combine to form a precipitate. If the dislocation velocity de-
creases as the interstitial impurity content is increased, the advo-
cates of the Peierls model can attribute the change in welocity to an
increase in the internal stress from more numerous and larger pre-
cipitates. Conversely, if no effect on the dislocation velocity is ob-
served, the advocates of impurity hardening can claim that the addi-
tional interstitial impurity was entirely locked up in precipitates and
had very little effect on the concentration of impuritics in solution.
This consideration made it clear that the critical experiments should
be done on the most pure material which was practical.

Since all determinations of dislocation velocity from measure-
ments of macroscopic parameters, such as yield stress or the de-
pendence of the flow stress on the strain rate, are so subject to dif-
ferences in interpretation, it was also clear that any experiment
which would convincingly show the effect of carbon concentration on
dislocation velocity in iron would have to be based on direct observa-
tion of the dislocation displacements in a pulse loading type of test.
Because no directly measured dislocation velocity data were available
for pure iron, the measurement of the dislocation mobility in a high-
purity single crystal of iron was the logical first step in an eventual

study of the impurity effect.
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In addition to laying a good foundation for later direct meas-
urement of the impurity effect, it was hoped that the present study
could answer additional questions immecdiatcly. First, it was hoped
that the measurements could confirm or refute the assumption that a
single thermally activated mechanism is rate controlling at all tem-
peratures in pure iron. Secondly, if a single process was found to be
controlling, are the values of the parameters of the mechanism con-

sistent with those inferred from less direct measurements ?
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I. EXPERIMENTAL TECHNIQUES

Test Specimens

The original material for the test specimens was a single
crystal which was grown and purified by D. F. Stein of the General
Electric Research Laboratory. The crystal was grown by the strain
anneal technique (38) from high purity iron sheet. After growth, the
crystal was purified by heating it in a pure hydrogen atmosphere.

The hydrogen was continuously purified by circulating it over a hot
ZrH2 getter (39). Other investigators (39, 40) have shown that this
technique will reduce the concentration of carbon to less than 0. 005
ppm and the levels of O and N to a few ppm by weight. The crystal
as received from General Electric was approximately 10 cm long,
3.5 cm wide, and 0. 125 cm thick. The normal to the sheet was ori-
ented approximately 15° from a (110) direction.

Disc-shaped test specimens were prepared from the parent
crystal by a combination of electric spark discharge and electrochem-
ical machining techniques. Discs 0.63 c¢m diameter were first tre-
panned from the sheet by spark discharge machining. In order {o en-
sure that the specimens would be free from damage when completed,
the remainder of the machining was done by a special electrochemical
technique.

The electrolapping technique, which is described in detail in
Appendix A, electroplates iron from the specimen onto a spinning
stainless steel plate through a thin film of 1M FeC»{;Z solution. The
"advantages of this method are that it allows precise control of the

machining and permits preparation of flat surfaces with very little
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rounding of corners, even on small specimens.

Using the electrolapping machine as a lathe, the specimens
were reduced to 0. 475 cm diameter in order to remove the damage
from the spark discharge machining. Then the electrochemical
method was used to finish the faces of the disc. In this operation, the
initial 150 misorientation of the discs was partially corrected as ex-
plained below.

The ideal orientation of the test specimen would have been
with the face of the disc parallel to the (110) plane because this was
expected to be the slip plane. However, because of the large mis-
orientation of the parent crystal, it was not possible to fully correct
the misorientation. Instead, a partial correction was made which re-
sulted in the surface being 7° - 8° from (110), with the [111] direc-
tion lying in the specimen surface. The orientation and dimensions of
the completed specimens are shown in Figure 1.

After they were cut to the proper shape, the specimens were
electropolished in a solution composed of:

20 gm Cr203
106 mi Glacial Acetic Acid
6 mil I-IZO
The solution was maintained at a temperature between 16 - 18°C and
was stirred during the polishing. The specimens were polished for
10 - 20 min at 17 volts potential between the specimen and the stain-
less steel cathode. Finally, the specimens were annealed for 48 - 96

hr in an atmosphere of hydrogen purified by diffusion through paladi-

um in a commercially available diffusion unit. The temperature was
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Figure 1. Dimensions and Orientation of Test Specimens.
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oscillated between 880°C and 700°C in a 2.5 hr cycle. Specimens
which were used for more than one test were also given the polishing

and annealing treatment between tests.

Loading Machine

In order to carry out these tests in torsion, the rapid load
testing machine developed by Russel and Wood (41) was modified to
apply a pure torque. The torsion testing machine is shown schemati-
cally in Figure 2 and is shown pictured in Figure 3. Two shim steel
straps 1. 27 X 0. 0025 cm carry the load from the piston of the rapid
load machine to the torsion specimen. One of the straps passes
around a.fixed pulley to change the direction of the force. The straps
are then attached around a tube which has a hexagonal socket on the
inside. The specimen to be tested is bonded between two rods with
hexagonal ends. One hexagonal end fits into the socket of the tube.
The other hexagonal end fits into a similar socket fixed to the bottom
of the testing machine. Since the two straps pull on the tube in op-
posite dir.ections with equal force, a pure moment is applied to the
torque tube. This moment is transmitted as torsion through the
specimen to the fixed socket. Figure 4 shows the specimen bonded
between the hexagonal torque application rods.

Figure 5 shows a typical load-time record for a 0.1 sec pulse.
Trace 1 is the tensile load measured by a strain gauge dynamometer
attached to the load machine piston. Trace 2 is the moment meas-
ured by a torsion strain gauge dynamometer used in place of the spec-

imen to generate this record. The characteristic rise time of the



ZIN| [N

jeidil

(@
L L L
SCALE 1:1

SECTION A-A
NN,

SPECIMEN

o T Y <
B x K
®)
R
O
® O
N/
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(a) (b)

Figure 3. Photograph of Torsion Adapter for Rapid Load Testing
Machine. (Wires in View (b) are for Torsion Dynamometer
Used Here in Place of Specimen.)
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‘ Figure 4. Test Specimen Mounted on Torsion Transmission Rod and
: Complete Specimen Assembly Ready to Test.
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load with the torsion equipment is 0. 030 sec. The length of the pulse
is variable in increments of 0. 017 sec from minimum time of 0. 017
sec. Since the rise time is slower than this, a 0. 017 sec pulse
would be a triangular spike. Therefore, the minimum practical pulse

was 0.068 sec, for which half of the time is rise time.

Stress State

A torsion type of test was chosen for these experiments when
it was believed that the test specimens could be oriented with the slip
plane parallel to the free surface. As stated above, the misorienta-
tion of the parent crystal was too great to allow preparation of speci-
mens with the ideal orientation. Therefore, it was not possible to
observe the motion of long lengths of dislocations as in tests on zinc
by Pope, et al. (42) and on aluminum by Gorman, et al. {(43). How-
ever, even for the misoriented crystals, the torsion stress state has
the advantages of a stress gradient in the specimen and small speci-
men size.

If constraints of the displacements of the anisotropic crystal
are ignored, the stress distribution for the anisotropic torsion prob-
lem is identical to that of an isotropic circular rod in torsion. How-
ever, the displacements of the anisotropic specimen included a warp-
ing function as for an elliptical isotropic rod in torsion. In the test
situation, the specimen is bonded between two isotropic rods which
constrain the displacements in the specimen. Therefore, the stress
state in the test specimen is not the isotropic stress state. However,

as discussed in more detail in Appendix B, the approximation of using
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the isotropic torsion stress distribution does not cause a very large
error in terms of the resolved shear stress on the dislocations.
Furthermore, all data were measured at geometrically similar posi-
tions in the specimen with regard to the angle 8. This means that
the error introduced by assuming the isotropic stress state might
change the absolute magnitudes of the stress-velocity relationships,
but should have a smaller effect on the functional form of the relation-
ship.

Using the simplification that the stresses are the same as for
a circular isotropic rod in torsion, the stress in terms of the total

moment (M) is:

Tez - 4 (2]

where T is the radius of the specimen. In a cartesian coordinate
system where the Burgers vector is parallel to the x-axis and the
slip plane is perpendicular to the z-axis, the resolved shear stress
('rr) on a dislocation is:
- 2My
T, = i 3]

mr
o}

Figure 1 shows the relationship of the specimen geometry to the
stress geometry. Note that edge dislocations produced by a radial
scratch perpendicular to the Burgers vector move such that they ex-

perience a constant resolved shear stress.

Observation of the Dislocations

The B-B x-ray topographic method was used to observe the

dislocation configuration. The theory and techniques for observation
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of dislocations by the B-B x-ray method are described in detail else-
where (44 - 46) so the method will only be briefly described here.
The arrangement for the B~B method is shown schematically in Fig-
ure 6. A divergent beam of x-rays from source (A) strikes the ob-
servation surface of the specimen (B). The specimen is oriented so
that the characteristic wavelength of the radiation satisfies the Bragg
condition for a set of planes (dashed lines) in the specimen ﬁrystal.
The diffracted beam then forms an image of the specimen on a film
(C) placed very close to the specimen and nearly parallel to the inci-
dent x-ray beam. Slits (D) prevent the incident beam from cxposing
the film.

Dislocations are revealed by this technique because the dis-
ruption of the lattice periodicity near a dislocation causes an abnor-
mally strong reflection from the dislocation sites. In the first order
approximé.’cion, the contrast at a dislocation disappears for reflec-
tions from planes which contain the Burgers vector of the dislocation.
This leads to the condition that dislocations will be visible in images

where:

ben # 0. [4]
b is the Burgers vector of the dislocation, and = is the normal of
the reflecting planes.
Chromium Ka radiation was selected for this study, and all

pictures were taken with a 0. 025 mm thick vanadium foil between the

specimen and the film to filter out the iron Ka fluorescence from the
specimen. Figure 7 shows a stereographic projection of the crystal

.centered on the observation surface of the specimen. The circles on
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Figure 6. Schematic Diagram of B-B Method. A - X-ray Source;

B - Specimen Crystal; C - Film; D - Slits.
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the projection are the loci of directions which satis(y the Bragg con~
dition for the various sets of crystallographic planes and CrK_ radi-
ation. All B-B topographs used for measuring dislocation motion in
this study were made using the (200) planes as reflecting planes. The
incident beam direction and the reflected beam directions are indi-
cated by I and R respectively on the locus plot. Under these condi-
4

tions, it is estimated that dislocations within approximately 3X 10"

cm of the free surface will be imaged on the B-B topograph.

Testing Sequence

After the final anneal, fresh dislocations were introduced by
scratching the surface of the specimen. The scratching was done
with a glass knife made by breaking a sheet of glass at a 90° angle.
The load used on the knife was approximately 1 gm. The specimen
was moved past the knife by a micrometer slide. A series of scratch-
es 0. 25 mm long separated by 0. 12 mm gaps was made along the di-
ameter of the specimen perpendicular to the [111] direction. After
scratching, a B~B picture of the specimen was taken. This revealed
the dislocation arrangcment beforc the test. It was found that the
scratch produced a furrow 1. 25X 10_3 cm wide. Slip bands extended
2.5%x1077 cm from the edge of the furrow, except where the knife was
set down on the specimen. The slip bands were 2 to 3 times longer at
these points.

For testing, the specimen was bonded between the torque
transmission rods as shown in Figure 4. The bonding was‘ done with

Techkits A-12 epoxy resin cured for one hour at 100°C. In order to

assure a continuous uniform bond on the scratched surface where dis-~
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location displacements were to be measured, a two-stage operation
was used in making this bond. The specimen was first bonded to a
teflon-covercd rod. The ecpoxy was cured and the two piecces were
gseparated. The pieces could be easily separated because the epoxy
does not form a good bond with teflon. The revealed layer of epoxy
resin was examined to make certain that it was continuous and free
from bubbles. If the initial layer of the resin was found to be satis-
factory, the specimen was bonded to the torque piece. The end of
this torque rod which was adjacent to the scratched surface of the
specimen was a disposable section of rod which was in turn bonded to
the hexagonal section. The completed test spe‘cimen package was, as
shown in Figure 4, the specimen and a disposable section of rod sand-
wiched between the two end pieces with hexagonal sections made to fit
the sockets of the loading machine.

The specimen temperature during the test was controlled by
immersing the torsion section of the loading machine in one of the fol-
lowing temperature baths:

373°K - glycerine heated by an electric heater controlled by
a variable transformer,

295°K - room air,
198°K - methyl alcohol in equilibrium with solid COZ’
77°K - boiling N, .

The specimens were brought to temperature slowly. The maximum
heating or cooling rate in all cases was 5°C.per minute.

For tests at 198°K, 295°K, and 373°K, the load was applied by
using the pulse loading capability of the load machine described above.

At 77°K it was found that the epoxy resin had a tendency to break if
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the load was applied with characteristic rise time of 3 X 10_2 sec.
Therefore, the load was applied by bleeding pressure into the ma-
chine pressure chamber over a period of about 1 sec. Since the
shortest test at 77°K was 100 sec, the load rise time was a small
perccntage of the time at constant stress even for the slow application
of the load.

After the test, the specimen package was disassembled in such
a way that no stress was applied to the specimen. The disposable
section of the torque rod was first cut through with an electric spark
discharge cutting machine. The part of the disposable section which
was still attached to the specimen was dissolved with 500/0 HNO3 .
The specimen was protected from the acid by the epoxy layer over it.
The epoxy resin was finally removed with Armstrong D-55 Stripper.

The above procedures were tested to see that they did not
produce sufficient stress in the specimen to cause dislocation motion.
For each temperature, the entire test sequence except for the appli-
cation of the load was performed. Examination of B-B topographs
taken before and after the sequence revealed no significant dislocation
motion from the bonding process.

After the torque application rod had been removed from the
tested specimens, the dislocation configuration was recorded by taking
a B-B picture. The specimen was then polished for 10~ 15 sec in a

solution of:
o
15 ml 307 /o HZOZ s

15 ml HZO s

1 ml 50% HF .
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The polish was estimated to remove 5~ 104 of material from the sur-
face. Another B-B topograph was taken after polishing. The purpose
of polishing the specimen was to ensure that the dislocations would
not be obscured by a slight corrosion which formed on the specimen
from the epoxy stripper. The two after-test photographs were com-
pared with the before-test photograph. Measurements were made
from whichever picture showed the dislocations most clearly.

To summarize, the testing sequence consisted of the following
operations:

1. Fresh dislocations were introduced by lightly scratching
the surface.

2. A B-B picture was taken.

3. The specimen was bonded to the torque rod.

4, The test temperature was established.

5. The load pulse was applied.

6. The torque rod was removed by cutting the piece adjacent
to the specimen, and then removing the remainder with
nitric acid.

7. The epoxy resin was stripped from the specimen.

8. The after-test B~B picture was taken.

9. The specimen was lightly polished.

10. Another B-B picture was taken.
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IIl. EXPERIMENTAL RESULTS

Dislocation Displacement and Position Measurements

After completion of a testing sequence, the before- and after-
test B-B topographs were compared using a superposition comparison
microscope (47). Dislocation displacements were determined by
measuring the change in length of the slip bands which were produced
by the scratch. Figure 8 shows a typical set of before- and after-test
B-B photos. Measurements were made with a filar eyepiece attached
to the microscope. The smallest division on the filar eyepiece, at
the magnification used to make the measurements, is 8.0X 10-5 cm.
This distance is less than one tenth of the smallest dislocation dis-
placement measured. Measurements were made for each slip band
which had increased its length by an amount at least equal to its orig~-
inal length, except when the slip bands were in the vicinity of sub-
grain boundaries or damaged regions which were judged to have had
an effect on the motion. In making the dislocation displacement meas-~
urements, the distortion of the B~B image of the crystal was ignored.
Comparison of the size of the B-B image and the actual specimen di-
mensions indicates that neglecting this distortion resulted in over-
estimating the dislocation displacements by less than five percent.

As the slip band displacement measurements were made, the
location of each measurement was marked on an enlargement of the
B-~B image. The position in the specimen of each slip band was then

measured directly from the enlargement. The shear stress (T, ) at

Bz

each point where a displacement measurement was made was easily

determined from its position. Using the approximation discussed in



‘Figure 8.

(a) : (b

Typical Scratch Segment. (a) Before Application of Load
Pulse. (b) After Loading. Direction of T in Diagram is
Direction of Force on Dislocation with Extra Half Plane
Extending Toward Free Surface. Magnification 150X.
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Section I1I that the stress state of the crystal is nearly the same as
for an unconstrained single crystal rod in pure torsion, the stress

state is given by:

T = c =0,=0 =7 =T =0 [5]

Resolved Shear Stress

In order to determine the resolved shear stress on the dislo-
cations, it is necessary to determine the Burgers vector and the slip
plané of the dislocations for which displacement measurements were
made.

Figure %a shows a stereographic projection of the crystal
centered on the normal to the surface of the specimen disc. The
circles on the projection are the reflection lacii for the (200), (121),
{(211), and (110) planes with CrKa radiation. Also shown on the pro-
jection are the (111) Burgers vector directions. One of the Burgers
vectors, [lTI] ,» lies parallel to the crystal surface. For all test
specimens, a scratch was made along the specimen diameter in the
direction perpendicular to the [1T17] direction. This direction is in-
dicated as the S1 direction on the projection, and the relationship of
the scratch to the Burgers vector is shown schematically in Figure 9b.
This type of scratch was found to always produce only slip bands which
had a surface trace of [1T1] as indicated in the figure. The applica~-
tion of stress caused these slip bands to become longer following the
same trace.

Since the scalar product b - n for (200) reflections is the same

for all Burgers vectors, this type of reflection cannot give any infor-
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(b)

Figure 9. Observed Slip Bands. S - Scratch Directions; T - Slip Trace
Directions. Possible Slip Planes {110} and {112}.
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mation abouf the Burgers vector. Therefore, topographs of a speci-
men, scratched as described above, were taken before and after test-
ing using the (200), (110), (121), and (211) planes as reflecting planes.
The (200) type topographs confirmed the existence of slip bands as
expected. The (110) topograph revealed some slip bands, but any ad-
ditional displacement of these slip bands during the stress was unde-
tectable. Furthermore, the areas of the specimen which contained
many slip bands revealed in {(110) topographs corresponded to areas
where not much dislocation motion occurred, as observed in the (200)
topographs. The (211) topograph revealed slip bands which increased
their lengths during the stress pulse, while the (121) topograph re-
vealed only a few slip bands which did not change their configuration
during the stress pulse. These results indicate that the scratch in
direction S1 generates dislocations with several different Burgers
vectors. However, the most predominant type of dislocation pro-
duced is that with the 1/2[1711] Burgers vector, and only disloca-
tions with that Burgers vector undergo significant displacements dur-
ing the stress pulse. This conclusion is consistent with the fact that
the resolved shear stress is greatest on dislocations with the
1/2[1T1] Burgers vector.

Because the slip trace and the Burgers vector are parallel for
the dislocations measured, the slip plane cannot be determined from
the slip bands produced by scratches of type S1 . Therefore, some
specimens were also scratched in a direction perpendicular to the
T1117 direction. These scratches produced two or three types of slip

bands. One Lype had traces parallel to the traces of the slip bands
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produced by scratches of type S1 . The other families of slip bands
had traces which corresponded closely to the traces of the (101) and
(01T) planes. After tests at 373°K, 298°K, and 77°K, no increase in
length was ever detected in slip bands with trace '1"2 or trace T3 .
Small displacements were observed for some of the alip hands around
the second scratch which had trace T1 . After testing and taking an
'after-test’ photograph, the specimens were polished for 10-15 sec
in a solution of HZOZ and HF of the composition listed in Section IL
This was estimated to remove 5 - 10 of material from the specimen
surface. A B-B topograph taken after the polish revealed many short
lengths of dislocation extending out from the scratch S2 for a distance
of 50-80y. These observations strongly imply that the slip plane for
dislocations which move is the (110) plane. Since this is also the
most highly stressed plane, the resolved shear stresses were calcu-
lated on the basis of the slip plane being (110). The resolved shear
stress (Tr) on the dislocations in terms of the coordinate system

shown in Figure 1 is:

- _2MY __2MY
T ([1T17,(110) ) = 245 cos ¢ ~ 2

7r R mr R
o e}

L6

where ro is the specimen radius measured on the specimen itself, Y
is the coordinate of the dislocations along the scratch as measured on
the enlargement of the B-B image, R is the radius of the enlarged
image of the specimen. ¢ is the angle between the specimen normal
and the [110] direction. The cos ¢ term was set equal to unity in the
calculations, since the values of ¢ for the test specimens were less

than 10°. The resolved shear stresses for Figure 10 were calculated
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from the dislocation positions using equation [67.

Dislocation Velocities

For all of the tests made below room temperature, the time
for the stress to rise to its maximum value plus the time for unload-
ing amounted to less than one percent of the time at constant stress.
Therefore, for the low temperature tests, the total displacement was
assumed to have taken place at constant stress. The average velocity
of the dislocations was then computed by dividing the measured dis~-
placements by the time at constant stress. These velocities are plot-
ted for 198°K and 77°K in Figure 10.

For some of the tests at room temperature and 373°K the
time for loading plus unloading amounted to several percent of the
time at constant stress, reaching as much as 150 percent on some
tests at 373°K. Therefore, the following analysis was used to re-
move the effect of the pulse rise time from the calculated velocities.
For the first approximation of the velocity, the rise and fall times
were neglected and the velocity was computed to be the displacement
divided by the time at constant stress. Since the relationship between
the logarithm of the velocity and the logarithm of the stress seemed
to be linear, the data were assumed to be adequately described by

v = v (r/T )" (7]
over the range for which measurements were made. Where v is the
dislocation velocity, v _ is 1 cm/sec, T is the resolved shear stress,
To is the stress necessary to produce a velocity of 1 cm/sec , and m

is a dimensionless constant. A least squares analysis was used to
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determine the values of m and To which would best fit the logarithms
of resolved shear stress and velocity to the linear relationship

in v/vo = m{nT-minT . [8]

The stress pulse was then approximated by a trapezoid described by:

Tc(t/tl) OStStl
= <
T(t) Te tystst, 9]
t-t,
T (1 ~—=) t,=t<t
c t3—t2 2 3

where T is the stress during the constant part of the pulse. The

total displacement can then be calculated by integrating the velocity

given by equation [7] over a stress pulse given by [9]. The resulting

displacement is given by the formula

D = D1+D2

Tcm t1+t3—t2 'I“Cm
T—O) (—W)-‘.VO(?";) (tz—tl) [10]

D - VO(
where the first term represents the displacement which occurred
during the rise and fall of the pulse and the second term represents
the displacement during the constant part of the pulse. Since the first

approximation used for the velocities was v' = D/(tz—tl) » the veloci-

ties were over-estimated and should be reduced by a factor of:

D (t,-t;)(mt1)

viv = == = . T117]
, D (€, #6,-E, FmF 1)t -1 ;)

Thus, by using equation [117, a new set of approximations for the ve-
locities was obtained. Then a new least squares fit was made for the
corrected velocities. This yielded a new value for m which enabled

recalculation of the corrected velocities. The process was iterated
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until the largest change in velocity between iterations was less than
one percent. The difference between initial and corrected velocity
was as large as 30 percent for the shortest test at 373°K. The values
plotted in Figure 10 are the corrected values of the velocities. Table
1 gives the values of m and To for the best fit to the form of equa-
tion [77], both before and after the corrections were made on the ve-

locities.
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TABLE I

Dislocation Mobility Parameters in Iron

Tempera- Mobility Parameters
ture
m T rn+ T T

o o 2 o) 2
("K) (Mdynes/cm”) (Mdynes/cm”)
373 2.56 0.5 119+ 10 2.76 100
295 2.83 0.5 589 £ 60 2. 87 576

198 2.61£0.5 4080 + 1000

77 6.25 %+ 0.5 2240 + 500

Quantities marked t+ were calculated before correction for the rise
time.
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1V, DISCUSSION

Experimental Errors

The wide scatter of the data indicates that there are sizeable
random errors assoclated with these experiments. Such errors are
probably associated with irregularities in the stress and di_fferencesv
in dislocation configuration at various points in the specimen. Part of
the scatter arises from uncertainty in determining the ends of the slip
bands. Although the width of the scatter bands of data makes it dif-
ficult to evaluate the degree of the agreement between these experi-
mental results and the fine points of various theories, purely random
variations would not invalidate the trends observed in these experi-
ments.

Of more fundamental interest is the possibhility of systematic
errors in the experiments which could bias the results sufficiently to
lead to incorrect conclusions. There are two important sources of
systematic error in these experiments:

l. pile-up effects in the slip bands;

2. stress concentration introduced by the scratch.
Both of these effects could mean that the actual stress acting on the
dislocations was greater than the nominal applied stress.

Because measurements were made on slip bands instead of on
individual dislocations, there is a possibility that the stress acting on
the leading dislocation was enhanced by the stress fields of the trail-
ing dislocations. It was impossible to establish the dislocation con-
tent of the slip bands observed in this investigation because the B-B

topographs did not resolve the slip bands into individual dislocations.
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However, in an investigation of Fe-3o/0 Si alloy single crystals by the
etch pitting technique, Stein and Low (6) were able to establish that a
slip band consisted of a single dislocation loop which left many
smaller loops in its wake as it moved away from the scratch. Pre-
sumably such loups are the debris left behind from cross slip of
screw segments of the dislocations or from interaction of the moving
dislocation with other dislocations and obstacles. Since such loops
have no long range stress fields, they exert no force on the maving
dislocation after it leaves them behind. If the slip bands observed in
the present investigation were similar to those in Fe-3%% Si, then
the velocity of the leading dislocation would not have been enhanced by
stress fields from the trailing dislocations, but would in fact have
been decreased by the athermal drag associated with the formation of
the loops of debris.

The possibility still remains that the slip bands in the pure
iron crystals used here were composed predominantly of dislocations
of one sign. The difference between the behavior of the leading dis-
location in such a pile~up and that of an isnlated dislocation should be
considered. Fortunately, this question has been treated theoretically
by Rosentield and Hahn in their computer simulation of the motion of
many dislocations emitted from a single source {48). The assump-
tions of the Rosenfield and Hahn analysis are that the velocity stress
relationship for the dislocations can be approximated over the range
of interest by the form:

v = CeBT

(127

and that a new mobile dislocation is generated by the source each
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time that the total stress on the source dislocation reaches a value
T Solving for the position of the leading dislocation as a function
of time as the source continued to emit dislocations, they found that
the lead dislocation reached a terminal velocity after only five or six
dislocations had been emitted from the source. The effective stress
(Te) éssociated with the terminal velocity, in terms of the source ac-
tivation stress ('rs) and the applied stress (Ta), is given by:

Te = 'ra+231-('ra-'rs) . 137
When the source stress is much less than the applied stress,

T,o= L15T_ . [14]

For a velocity stress relationship of the form:

—(UO—bA'r)
- - _— 1
v = Ce = v e T s (151

neglecting the pile-up effect in a slip band composed of dislocations of
like sign results in over-estimating the activation area (A) by 75 per-
cent. For the formulation

v = vo('r/'ro)m , [167

the error is 75 percent in the value of Tor It should be noted that
these errors are essentially constant for all slip bands containing
more. than ten dislocations. Therefore, even if the slip bands in this
investigation were composed of dislocations of a single sign, the con-
clusions would be substantially the same except for a factor of 1.75 in
the magnitude of A or To®

The magnitude of the error introduced by the stress concen-

tration around the scratch can be approximately evaluated from the
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data. In many cases at 3730, 2‘?50, and 1980K, measurements were
made for nearly the same stress on two different tests of different
duration and different maximum load. It is therefore possible to
compare velocities derived for a stress based on measured displace-
ments which differ by as much as an order of magnitude. Table II
gives several examples of such comparisons. Also given for purposes
of comparison are several cases where several measurements were
made for the same stress with comparable pulse durations. As shown
in Table II, there appears to be little systematic deviation of the ve-
locities derived from small displacements from those derived from
large displacements. It is thus concluded that at 3730, 2950, and
198°K, the effect of the stress concentration near the scratch is

small compared to the width of the data scatter bands.

For the tests at 77°K the stress sensitivity of the velocity was
so great that displacements could only be measured on a small portion
of the specimen. Therefore, in tests which showed measurable dis-
placements only at the outer edge of the specimen, it was impossible
to be certain that all observed motion was not associated with stress
concentrations. In order to disprove this possibility, three tests
were conducied al a maximum stress level near 600 Mdynes/cmz for
durations of 100, 1000, and 10000 sec , respectively. The 100 sec
test produced measurable displacements only at the outer radius of
the specimen. The 1000 and 10000 sec pulses produced measurable
displacements successively further in on the radius and very large
displacements which could not be measured in the region outside of

the measurable region. This, along with the consistency of the data,
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is considered adequate evidence that stress concentration effects play
a no more important role at 77°K than in the tests at higher tempera-

ture.

Theoretical Predictions

The strong temperature dependence of the dislocation velocity
at constant stress clearly indicates that a thermally activated process
is important in determining the mobility of dislocations in iron in the
temperature range covered by this investigation. Therefore, a de-
tailed consideration of the assumptions and predictions of the Peierls
and interstitial impurity mechanisms is in order.

Many authors (16 ~ 20, 49 -~ 51) have considered the process of
thermal activation of dislocations over the Peierls energy barriers.
All of the models are based on the same basic idea but differ in the
assumptions made in order to simplify the exact problem. The basic
premise of the Peierls theories is that because of the periodicity of
the lattice, the core energy and therefore the total line energy of the
dislocation varies with the position of the dislocation in the lattice:

INy) = periodic function of y . [17]

The drag stress exerted on the dislocation is then:

FUERES X025 187

which has a maximum value usually called the Peierls stress (’Tp):

r, = max [ () [19]

When the applied stress ('ra) is less than the Peierls stress (TP), the

dislocation cannot move except when aided by the thermal fluctuations

of the lattice.
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The nature of the thermal activation process is that a critical
length of the dislocation is moved by thermal fluctuation over the
Peierls barrier as in Figure 11. The critical configuration for the
activated segment is defined as the configuration for which the energy
of the dislocation minus the work done by the applied strcss is a max-
imum. Therefore, once the critical configuration is reached, the ap-
plied stress can drive the two kinks apart, causing an entire length
(L) of the dislocation to move forward the distance between Peierls
energy minima. This distance is either equal to b, the Burgers
vector, or simply rclated to it by the lattice geometry. TFor simplic-
ity, the distance moved per activation will be assumed to be b for
the remainder of this discussion. The equation for the velocity of a

dislocation then becomes:

~U(r,) -U(r,)
V=VoeXP(—-kT‘—)=bVeXP(——kT') (207

where v is the attempt frequency, and the product of v with the ex-
ponential is the frequency of successful attempts.

The differences between the various calculations based on this
thermal activation model arise from the assumptions made about the
critical kink configuration and the estimation of the attempt frequency.
Of the many contributions to the literature concerning the thermal ac-
tivation of dislocations over the Peierls energy barrier, those by
Seeger (16), Friedel (19), and Dorn and Rajnak {20) will be considered
here. These three papers are representative of the various different
approaches and are also the ones most often cited in the literature.

Seeger's model is based on an assumed critical configuration
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— — — — POSITION OF MINIMUM
PEIERLS ENERGY

- POSITION OF MAXIMUM
PEIERLS ENERGY

Figure 11l. Schematic Diagram of Double Kink in Dislocation.
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as shown in Figurc 1Z2a. Two half kinds a distance (d) apart are
joined by a segment of dislocation which lies at the top of the energy
barrier. The distance between the two half kinks at the critical point
is such that the force exerted on the kinks by the applied stress is
equal to the force of attraction between the two kinks. For sufficiently
small stresses, the critical spacing is large compared to the kink
widths (w). For this case, the force of attraction between the kinks
can be calculated. With the additional assumption of a sinusoidal
Peierls potential barrier, the activaticn energy for a critical activated
segmenl can be expressed in clused form. The expression for this
activation energy is given in Table III. This model predicts that the
activation energy is proportional to the logarithm of the stress. The
attempt frequency (v) is taken by Seeger to be the vibrational frequency
of a rigid dislocation lying in the Peierls potential valley. The result-
ing expression for Vo is given in Table III.

The Friedel model is based on a different critical configura-
tion. Friedel argues that because the line energy of a dislocation is
so large, the kinks must be very wide. Therefore, he assumes the
critical configuration to be the triangular form shown in Figure 12b.
Furthermore, he assumes that since the slopes of the kinks are so
small, the interaction between the kinks can be neglected except for
cases when £ is of the order of b. A sinusoidal form of the Peierls
barrier is assumed. The energy of the assumed kink configuration
can be calculated as a function of the length (1) of the kink. The en-
ergy has a minimum for a critical kink length (JLO) which is related to

the applied stress by:
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Figure 12. Proposed Critical Double Kink Configurations.
(a) Seeger, (b) Friedel, (c) Dorn and Ra jnak.
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TABLE III

Comparison of Peierls Models

Activation Energy

N[

2
2I' b™r 167
2 (=) (1he D)

2 Ta %
Friedel FATl K (1 --—-)
p 'Tp

Dorn and Rajnak cannot be expressed in closed form; see

Figure 13.

Activation Volume (-9U/oT 2\_)

(M

2r bz'r
(o]

—E> 1
m T
a
plr 2
o)

: 2
Seegex o

Friedel —
(tr_-T1_)2
P a
Dorn and Rajnak cannot be expressed in closed form: see
Figure 14.

Pre-exponential Term (vo)

| SO

T
P 4
Seeger vsb(z-rr) ~ 1,4X 10" cm/sec
vy = shear wave velocity
1
5 4\2
kT(T_-7_) 8
Friedel "—{g— L b\)D(———pv—a——- ) ~ 6X10 cm/sec
I‘o
vp = Debye frequency

L = free length of the dislocation
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TABLE III (continued)

Z)
D 'd
d = length of the double kink

Dorn and Rajﬁak Vb ( ~ 10° cm/sec

8

Fleischer (impurity hardening) Vo ¥ 2% 10° cm/sec

The numerical values for v, are given for: L = 10"4 cm, T = 150°K,

12 -1 _ 2
Vp = 8. 75X 10 sec s I‘O—Gb .




L= (/) . r21]

The expressions for the activation energy and v derived from this
model are given in Table IIl. This model neglects the interaction be-
tween the kinks, so it is probably not valid for small stresses where
l,o becomes small. As T, approaches 'rp the length of the kink be-
comes very large. Therefore, this model would require cooperative
motion of many atoms at high stresses. This probahly means that the
usefulness of this approximation is limited to medium stresses where
2o is of the order of ten to several hundred b.

The model of Dorn and Rajnak begins with the same sort of
line energy approach used in the Friedel model. However, instead of
assuming a shape for the critical kink, Dorn and Rajnak used a varia-
tional principle to calculate the lowest energy shape of a kink as it is
formed. The calculated kink configurations are shown in Figure 1l2c.
Curves A and B represent unstable kinks which will decay and disap-
pear after the thermal fluctuation passes. Curve C represents the
saddle point configuration where the slope of the dislocation line at the
center of the double kink first becomes continuous. Curve C then
represents the critical kink configuration. After a double kink reaches
shape C, it can dissociate into single kinks which move apart under the
action of the applied stress. The activation energy for the formation
of the critical kink is the excess energy of a diglocation in configura-
tion C over a straight dislocation lying in the Peierls valley. This
energy cannot be expressed in closed form, but it is compared graph-

ically with the activation energy of the Friedel model in Figure 13.
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Figure 13. Activation Energy as Function of Applied Stress
for Some Peierls Mechanisms.
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The expression which Dorn and Rajnak give for vy in the case where
the velocity of a kink is large is given in Table IIL

The assumptions and limitations of the three models can be
summarized in the following way. Both the Seeger and Friedel mod-
els begin with an assumed kink configuration. Seeger derives the
critical kink spacing by balancing the force from the applied stress
against the interaction force between the two kinks. Friedel assumes
that only the line energy of the kinked dislocation is important, and
ignores the attraction between the kinks. Dorn and Rajnak improve
upon the other two theories by deriving an expression for the critical
kink shape. However, Dorn and Rajnak like Friedel ignore the inter-
action of the kinks. Friedel and Seeger both ignore the fact that
when an applied stress is acting on the dislocation, it does not lie at
the bottom of the Peierls potential valley but has been moved partially
up the barrier. An additional refinement of the Dorn and Rajnak mod-
el is that it includes this effect. Both the Seeger and Friedel models
appear to break down for very small and very large stresses. The
Dorn and Rajnak model, since it involves fewer assumptions, is
probably applicable over a wider range of applied stress.

Calculations of the activation energy from any of the expres-
sions in Table III or from Figure 13 require that the Peierls stress be
known. Since estimations of the Peierls stress range over many
orders of magnitude, the values of measured activation energy cannot
be used as suitable checks on the above theories. The most noticeable

difference between the various theories is in their predictions of the

effect of applied stress on the activation energy. The differences in
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the partial derivatives of the activation energy with respect to applied
stress can be seen in Figure 14 and the expressions in Table III.
This quantity has units of volume and is usually referred to as activa-
tion volume. The activation volume defined in this way can roughly
be associated with the product of the Burgers vector and the area
swept out.by the dislocation during the activation process. However,
this correspondence is exact only if the activation energy has the
form:

U = Uo - V'ra ) rzza2n
where UO and V are constants. -

The question of temperature dependence of the activation ener-
gy has not been answered with any degree of certainty. A small tem-
perature dependence is included implicitly through 1"0 in all theories,
since T‘O is proportioha.l to the shear modulus (G) which is tempera-
ture dependent. The shear modulus decrcascs 5- 10 percent as the
temperature increases from 77 - 373°K. An additional temperature
depehdence can be included if the height or the shape of the Peierls
barrier is affected by temperature. This sort of change was calculated
by Kuhlman-Wilsdorf (52) to cause the Peierls stress to change with
temperature as:

'T'p = T, exp (-T/TM) , [237

where TM is the melting temperature and T is the Peierls stress at
zero degrees Kelvin. Seeger (17, 53), by considering the quantum
mechanical partition functions of the activated and unactivated dislo-

cation, has found that the activation energy decreases lagarithmically

as the temperature decreases. However, he believes the magnitude
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of the elffect to be small.  Finally, the above theories deal only with
the enthalpy of activation. This means that the entropy term in the
free energy has been neglected. All authors agree that some increase
in entropy should be associated with the formation of kinks. However,
this term is difficult to treat theoretically and is therefore usually
ignored.

The pre -{exponential term (vo) may also change with tempera-
ture. Since the theoretical estimations of this term are quite crude,
the question of temperature dependence is ignored. The usual argu-
ment given is that any change in vy with temperature would be small
compared to the exponential term.

Fleischer (13, 14) has proposed that the mechanism which con-
trols the motion of dislocations in BCC metals is the thermal activa-
tion of the dislécations past the stress fields of interstitial impurity
atoms. Interstitial atoms in the BCC lattice produce tetragonal
strain. This strain field interacts strongly with the stress field of
the dislocations. Consequently, when a dislocation approaches an
impurity atom near its slip plane, a large. force is exerted on the dis-
location. For impurities within a few b of the slip plane, the inter-
action is so strong that the dislocation cannot be moved past the im-
purities by the applied stress alone. Considering the impurities in
the two atomic planes bordering the slip plane, Fleischer's model
gives the activation energy to be:

U = Fob[l - (T/Tc)%]z [247
F, o= GAeb®/3.86 B [25]

where B = 1 for screw dislocations, f = l1-v for edge dislocations,
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and Ae is the difference between the longitudinal and the transverse

strains of the distortion. Ae equals 0. 41 for carbon in iron (13). Te
is the stress required to move the dislocations past the impurities at
0°K and is given by:

T, = (F /bL) . [26]

L is the average distance between impurities adjacent to the slip
plane and is given in terms of the concentration of impurity atoms by:

L = b/(2e)? . r27]
If Vi, is the vibrational frequency of a dislocation length L, then the
dislocation velocity is:

v = \)LL exp(-U/kT) . [28]

The normalized activation energy and its derivative with respect to
applied stress are shown in Figures 15 and 16.

This theory, unlike the Peierls theories, is well-defined in
terms of independently measurable quantities such as the impurity
content and the tetragonal distortion produced by the interstitial
atoms. There are, however, two weaknesses of calculations based
on this theory. First, the theory does not properly take into account
the fact that the obstacles are a random dispersion instead of a uni-
form network. Second, the important interactions in th"lS theory are
the ones where the dislocation approaches the impurity so closely
that linear elasticity can no longer be applied to the calculation of the
interaction energy. However, it is difficult to imagine the uncertainty
of the quantities in the impurity theory being greater than an order of

magnitude. This is a small degree of uncertainty when compared
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with the uncertainty in calculations of the Peierls stress.

Comparison of Experimental Results with Theoretical Predictions

The above theories all predict that the dislocation velocity is

rclated to strcss and temperature by an equation of the form:

U(r_)
vzvoexp( l:’?) : [29]

This indicates that the data might be more properly presented with
the logarithm of the velocity plotted against linear stress than as they
are presented in Figure 10. Therefore, the experimental data have
been replotted in that way in Figure 17.

The thermal activation theories all assume that Vo and U are
either independent of temperature or only very weak functions of tem-
perature. This leads immediately to the conclusion that:

dtn v/v

(W%)T :Eg

= constant. [30]
However, Figure 18 clearly shows that the logarithm of the disloca-
tion velocity is not linearly related to the reciprocal of the tempera-
ture for constant stress. Furthermore, it does not appear that the
experimental results can be explained by a simple addition of two
thermally activated mechanisms occurring simultaneously. Lines A
and B in Figure 19 represent the predicted velocity lines for two
thermally activated mechanisms acting independently. If both pro-
cesses were occurring simultaneously in a material, the predicted
velocity curve would be similar to the dashed line in Figure 19. When
the velocity for one process is much less than for the other, the

slower mechanism will predominate. Where the velocities of the two
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processes are nearly equal, the true velocity will be somewhat slow-
er than for either process alone. The curvature of the dashed line in
Figure 19 is the reverse sense of the curvature of the data curves in
Figure 18. There is no way that behavior as represented by the ex-
perimental data can be explained by any simple addition of thermally
activated processes with temperature independent activation energies.

Another possible reason for the form of the experimental re-
sults is the presence of an internal stress (Ti)' If such an internal
stress arises from an athermal process, it would have no effect on
the form of the curves in Figure 18, buf would simply mean that the
true values of the stress represented by the curves are slightly dif-
ferent from those given in the figure. Furthermore, the internal
stress ('r.l) must be less than the smallest stress for which dislocation
displacements were observed. If the internal stress is the same for
all temperatures, this would mean that the upper bound for the inter-
nal stress is 10 Mdynes/cmz. If a temperature-dependent internal
stress were present in the test specimens, this could account for the
deviation from expected behavior shown in Figure 18. However,
there is little reason to believe that an internal stress of the required
magnitude and with the required temperature dependence would be
present in pure iron single crystals. Finally, the deviation from
linearity in the curves in Figure 18 increases with increasing stress.
One would expect the internal stresses to be least important at large
applied stresses.

The remaining possible explanation for the form of the experi-

mental results is a change in v with temperature. If the tempera-
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ture dependence of v is the sole cause of the curvature of the curves
in Figure 18, v, must change by several orders of magnitude be-
tween 77° and 373°K. This appears to be an unreasonably large
change of v with temperature.

One must therefore conclude that either the activation energy
is very sensitive to the temperature or that the mechanism which
controls the dislocation velocity cannot be described by equation [29].
If the activation energy ie temperature dependent, it cannot be simply
related to the slopes of the curves in Figure 18, The activation ener-
gy may be calculated from equation [29] if a value is assumed for
v From Table III the extremes of the estimations of v, are 104
and 109 cm/sec. Activation energy as a function of temperature was
calculated from the data for a uniform stress of 100 Mdyncs/cmz.
The resulting curves {Figure 20) represent the limits of the activation
energy temperature relationship.

There are no theories which predict an activation energy with
a temperature dependence like that shown in Figure 20. The magni-
tude of the change is much grcatcr than one would expcct from
Seeger's comments (53) concerning possible increase in activation
energy with increasing temperature. Kuhlman-~Wilsdorf predicts
that the activation energy should decrease with increasing tempera-
ture. Inclusion of the entropy contribution to the free energy would
also cause the activation energy to be reduced at elevated tempera
ture.

The other point of consideration for comparison between the- .

ory and experiment is the stress dependence of the activation energy.
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The partial derivative of the activation energy with respect to stress
at a constant temperature has been defined as the activation volume.
Figure 21 presents the curves of activation volume derived from
equation f7]-ﬁsing the values of m and T given in Table I. The
curves in Figure 21 have the sarme general form as those in Figure 14
for the Dorn and Rajnak model. The absolute values of the activation
volumes derived from the experimental data are in good agreement
with most theoretical predictions.

The Fleischer impurity hardening theory predicts the follow-
ing relationship between stress and temperature for a constant dislo-
cation velocity:

1
AKT 2

1
(r /1 )% = 1- (F5) - (313

Therefore, a plot of the square root of the stress versus the square
root of the temperature for a constant dislocation velocity should be a
straight line. The extrapolation of this line to zero temperature
gives the quantity Te? which is uniquely defined in terms of known
parameters. In Figure 22 the square root of the resolved shear
stress for a velocity of 10“3 cm/sec is plotted against the square
root of the temperature. The agreement with a linear relationship is
quite good. The value T. from Figure 22 is 2300 Mdynes/cmz.
From equations [24 - 2775:

1
_ Ghe (2¢)? )
Te © 3.86(0y) - [32]

This yields a value for the impurity concentration (c) of 35 ppm by
weight. This is considerably greater than the amount of interstitial

impurity believed to be present in the specimens. Also, curves cal-
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culated for other velocities using the extrapolation of the experimental
measurements do not give the same value of Te? and the temperature
dependence of the mability exponent is not the same as predicted by

the impurity hardening theory.

Comparison of This Study with Previous Experiments

Several studies, {21, 22, 39, 54) have been made of the me-
chanical properties of iron single crystals which were essentially
identical to the one used in this study. These earlier studies included
measurement of the critical resolved shear stress, stress changes
for instantaneous changes in the strain rate, and flow stress as a
function of temperature. These measurements allow calculation of
the apparent stress exponent (m') and the activation volume., Table IV
summarizes the results of these measurements.

In cases where direct comparison is possible between the
measurements of Stein, et al. and those of Altshuler and Christian,
there is considerable disagreement. It is difficult to understand why
the two groups of investigators should find such large differences in
behavior, because the crystals used in all studies were prepared by
Dr. Stein. For each of the critical resolved shear stress values re-
ported in Table 1V, a dislocation velocity was calculated from the re-
sults of the present study. These values are given in the table. For
the critical resolved shear stresses measured by Stein, et al., the
velocities at yleld are all nearly the samne with a mean value of
3.7x107° cm/sec- Using the equation

€ = pbv 1337
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TABLE IV

Results of Other Measurements of Mechanical Properties

of Iron Single Crystals

Temperature Yield Stress Velocity at Apparent Stress
o 5 Yield Stress Exponent
("K) (Mdynes/cm”) {cm/sec)

Altshuler and Christian (22)

293 180 3.3 % 1072 2.75-3.4

77 300 4.5 X 1076 26

184 40
Stein, Low, and Seybolt (39)

298 90 7.0 % 1073

198 323 1073

77 800 3,0x 107°
Stein (21)

298

198 10

®
The velocities at the yield stress are derived from the results of
this study.
3k
The majority of the study by Altshuler and Christian was upon poly-
crystalline iron, but they also tested some pure single crystals and
found the behavior to be no different.
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and € = 4. 5X 107° sec-1 reported by Stein, the mov:ng dislocation

density (p) at the yield stress is calculated to be 4. 85X 105 cm-z.

This compares very well with the total dislocation density of 106 cm“2
reported by Stein.

The room temperature values of the apparent stress exponents
(m'} reported in Table IV are reasonably close to the values obtained
in this study. However, both groups of investigators found that the
apparent exponent increased much faster with decreasing temperature
than is indicated by the direct measurement reported here. This dis~-
agreement implies that either the assumption that the density of mov-
ing dislocations does not change for a sudden change in strain rate is
not valid, or that large internal stresses were present in the crystal
used to make the strain rate change tests.

The studles listed above also reported values of the activation
energy and the activation volume. These quantities were calculated
from the measured quantities by making several assumptions about
the nature of the deformation process. The assumption is made that
the moving dislocation density does not change for abrupt changes in
strain rate or for changes in temperature at constant strain. The
activation energy and the activation volume as defined in this paper
are assumed to be temperature independent. The results reported in
this paper indicate that these assumptions are very questionable.
Therefore, the activation parameters derived from direct dislocation
velocity measurements cannot be meaningfully compared with those
derived from indirect tests under the above assumptions.

The parameters derived from this study may also be compared
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with thosc derived by similar experimental methods for other pure
BCC materials. Table V shows the results of investigations on
molybdenum (35), niobium (55), and tungsten (56). The absolute val-
ues of the stress exponents appear to be reasonably consistent with
the ones determined for iron. There is a marked tendency for the ex-
ponents to decrease as the purity of the material increases, as shown
by the results for the zone-refined niobium. With the exception of the
resulls for molybdenum, theile appears to be a relatively small
change in the exponent near room temperature. This agrees well with
the results of this study.

The most interesting point about the results reported for the
present study is that the logarithm of the velocity is not a linear func-
tion of the reciprocal of the temperature. Since the measurements on
molybdenum and tungsten were made at only two temperatures, no de-
termination can be made of how well the behavior of these materials
agrees with the functional dependence predicted by the theories. This
comparison can be made for the data on niobium. Figure 23 shows
the dislocation velocity plotted against reciprocal temperature for a
stress of 1000 Mclynes/cm2 using the data reported by Guberman.
These data definitely exhibit the same type of curvature as did the
data for iron. Even though long extrapolations of the measured data
are required for the construction of Figure 23, the way the stress ex-
poncnt (m) changes with temperature indicates that what is shown is a
real effect. Stein and Low also observed the same type of behavior in
Fe-3%% Si alloy. It therefore appears that the observed behavior of

iron is consistent with the behavior of other BCC materials for which
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accurate and complete dislocation mobility measurements have been

made.
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V. SUMMARY AND CONCLUSIONS

The relationship between dislocation velocity and resolved
shear stress was measurcd for e¢dge dislocations in iron single crys-
tals containing only a few ppm of interstitial impurities. Measure-~
ments were made for stresses in the range 10 to 500 Mdynes/crn2 at
temperatures of 393°, 295°, 198° and 77°K. The velocities were
determined by measuring the increase in slip band lengths caused by
the application of a short, constant-amplitude load pulse.

The dislocation velocity was found to fit the relationship

v o= v, (T/To)m "34]

-

for the range of stress covered in this study. The exponent m was
found to change from 2. 56 at 373°K to 6. 25 at 77°K, with nearly all
of the change occurring between 198°K and 77°K.

The experimental results were found to be inconsistent with
the usual formulations of the thermally activated mechanisms. How-
ever, the large changes in dislocation velocity with changing tempera-
ture at constant stress indicate that the controlling process is asso-
ciated with some sort of thermal activation. The results seem to indi-
cate that the activation energy is a function of temperature, but other
explanations are probably possible for the observed behavior. The
nature of the deviation from predicted behavior in this study is of the
same general form as that observed by Stein and Low (6) in Fe-—30/o Si
and by Guberman (55) in niobium.

Comparison of the results of this study with indirect measure-
ments on similar crystals indicates that the assumptions made in re-

ducing the data from indirect tests are of questionable validity. Com-
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parison of this work with yield stress measurements made by Stein,
Low, and Seybolt {39) indicates that the yield stress can correctly be
associated with the stress required to maintain a fixed dislocation ve-
locity for a given strain rate. Other yield stress data by Altshuler
and Christian (22) are in disagreement with the work of Stein, et al.
and also seem to be inconsistent with the work reported here. Values
of the exponent obtained from indirect tests are noticeably greater
than those found in the present study. The apparent change of the
activation energy with temperature and errors in m measured by in-
dircct tests invalidate the assumptions made to determine the activa-

tion energy and activation volume from indirect methods.

Suggested Further Work

The most significant possible extension of the current work is
to measure the velocities of dislocations in crystals doped with small
amounts of carbon in order to directly determine the effect of im-
purities on the dislocation velocities. The results of this work indi-
cate that a Fleischer type impurity hardening should begin to become
important for carbon concentrations as low as 30 ppm by weight.

It would be nice to refine the present data either by reducing
the scatter or by increasing the range of the measurements. The
former could probably be accomplished by using a crystal oriented
close enough to the slip plane to allow observation of the entire dis-
location length. If this could bec donc, unccrtaintics about the slip
plane would be eliminated, and the displacements could be more ac-
curately measured. In addition, the screw dislocation velocities

could be measured on a well oriented crystal. Extension of the data
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to higher stresses than those used here would require a new testing
technique which is not limited by the strength of adhesives. Com-
pression impact is very well suited to this type of test.

The results of this study along with those of Stein and Low in
Fe-—30/o Si and Guberman in niobium indicate that current fﬁeories of
thermal activation have serious shortcomings. Other results, which
indicate a breakdown of the critical resolved shear stress law in BCC
materials, also indicate a weakness in current theories. Conse-
quently, there is a great need for theoretical explanations for the

deformation behavior in BCC materials.
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APPENDIX A

Electrolytic Machining

In most electropolishing procedures the spacing between the
anode and the cathode is quite large. In these methods, the electro-
polish flattens the surface either because of the concentrated electric
field at surface irregularities or because the electrolysis forms a
viscous layer on the surface of the specimen which collects in low
spots on the surface and slows the polish. These electropolishing
techniques were not suitable for forming the specimens used in this
study because they tend to produce spherical surfaces and cousequent-
ly severely round the edges of the specimens. The electrolytic ma-
chining method used in this study places the specimen (anode) very
close to the cathode. For sufficiently small anode - cathode spacings,
the electric field strength and consequently the cutting rate are in-
versely proportional to the spacing. This method is capable of form-
ing flat surfaces with only a small amount of rounding at the edges.

The electrolytic machining equipment is shown in Figure 24.
The cathode is a stainless steel plate which is spun at the rate of 150~
200 RPM. The electrolyte is applied in a stream near the center of
the plate. The centrifugal acceleration spreads the electrolyte out
into a thin film. The specimen is suspended above the plate on a mo-
tor driven slide which feeds the specimen down toward the cathode at
a constant rate. The goniometer is used to position the specimen so
that the finished surface is correctly oriented.

It is clearly important to keep the spacing between the speci-

men and the spinning cathode plate small if adequate flattening is going
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to occur. It is equally obvious that if the spinning plate hits the spec-
imen it can be severely damaged. The runout of the spinning cathode
plate on the equipment used is approximately 0. 01 mm. This means
that the system must be able to flatten sufficiently at a spacing on the
order of 0. 02 mm or greater. By experimentation it was found that
a 1 M solution of ferrous chloride (FeC&Z) had the desired properties
for the electrolyte. Using this electrolyte, the specimen flattened
adequately at spacings between U. 02 and 0. 06 mm with a potential of
3 -3.5 volts across the gap. With the ferrous chloride electrolyte,
the cutting rate was a sensitive function of the gap spacing. The cut-
ting rate reached a value of 0. 125 mm/min at a spacing of 0. 02 mm.
The current density at this cutting rate is 6 - 8 amp/cmz. With the
ferrous chloride electrolyte, the material removed from the speci-
men is plated out onto the cathode in a thin uniform band.

The procedure used in shaping the specimen surface is ex~
tremely simple under the conditions described above. The specimen
is fed down toward the plate at a constant speed of 0. 125 mm/min.
The gap spacing decreases and the cutting rate increases until the
cutting rate is equal to the feed rate. When this equilibrium is
reached, the spacing remains constant and the cutting may be con-
tinued unfil the desired specimen shape and size is achieved. The
specimen is rotated about an axis perpendicular to the plate on facing
operations. The purpose of this rotation is to smooth out any irregu-
larities in the surface which might be caused by the flow patterns of

the electrolyte, and to spread the iron which plates onto the cathode
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over a larger area.

The machine was also operated as a lathe. The operation
was basically the same as for facing operations, but with the follow-
ing modifications. The specimen rotation axis was remounted per-
pendicular to the feed direction. Since the specimen feed had a fixed
speed, the feed was operated intermittently on lathing operations be-
cause each part of the specimen was cutting for only a fraction of the
time. This difficulty could easily be overcome by using a variable
speed motor for the specimen feed. The feed speed could then be

adjusted to changing situations.
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APPENDIX B

Stress State for Anisotropic Torsion Specimens

The matrix of elastic constants for a cubic crystal with orien-
tation given by:

Xy = [T107 ; X, = [001]; X3 = [110] [35]

is, for the stiffness moduli:

€11 C12 C13 O 0 0

C'lz C.IZZ C'lz 0 0 0

G, cy, G o0 0 0 .
0 0 0 cy, O 0

0 0 0 0 CL, O

0 0 0 0 0 cl,

The Ci’j 's defined in terms of the Cij's where the axes are the cube

edges are:

J % -
Cjp = 2(Cy; +Cy)+Cyy C1.=Cy2
- 1 - =
Clz = 2(Cy; +Cy) - Cyy Cr2=C1 [37]
1 =1 1 - ' =
Cgs = 2(Cyp - Cpp) Cha ™ Cyy

The form of the matrix of compliances is the same as matrix [367.
The Si'j 's defined in terms of the three independent cubic

elastic compliances are:

1 1

1 - b L T =

S1p = 34831+ 51 7Sy S12 = 512

. _ 1 - :
S13 = 3811 510 - 75,4 Sy, = 511 (38

i

1
)]

! ' - 1
Sgr = 2(S1; - Sp,) Siha 7 Sy
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The problem of finding the exact stress distribution in an anisotropic
disc, with axis X.!, subjected to torsion by bonding it between two
isotropic rods is not easily solved. However, consideration of two
limiting cases indicates that the resolved shear stress on the dislo-
cativus is not very much different from what it is for the completely
isotropic bar in torsion.

The stress distribution in a circular anisotropic rod in torsion,
when no constraints are placed on the displacements of the rod, is
exactly the same as for the isotropic circular rod in torsion. This is
obvious from the fact that in this situation the entire problem is
specified in terms of stresses and resultant forces and moments.
Therefore, the same stress distribution is the solution to the problem

for any set of elastic constants. The stresses for this problem are

then:
. -2M
13 1rR4 2
2M -
T T eee— % L39]
23 -rrR4 1
0,=0,=0,=71,=0

The strains associated with this stress distribution are:

_ 2M
Vi3 = -2(811-S1,) =7 %,
TR
_ 2M
Y23 = 544 —7 Xy [40]
7R

€)= €, 7 €37Y)p =0
The displacements derived by integrating the strains and taking all

rigid body motions equal to zero are:
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_— (Syq* 2(811-5,)M o

1 'rrR.4 273
7, = (544+ Z(Sll-slz))M % . X [41]
A 3 173

TR
(544 Z(SII—SIZ))M
Us T 4
7R

This means that the anisotropic circular disc warps when subjected to
torsion like an elliptic isotropic rod. This solution is clearly not the
exact solution to the present problem because the displacement U3 is
incompatible with the displacements of the isotropic rods to which the
specimen disc is bonded. However, the true stress in the specimen
would approach the stress distribution given by equation [39] as the
isotropic rods became very soft compared to the specimen. Since the
specimen is bonded with a layer of compliant epoxy resin, the stiff-
ness of the layer adjacent to the specimen is indeed smaller than the
stiffness of the specimen.

The opposite limiting case is when the isotropic rods are in-
finitely rigid and the specimen very thin. In this case we can assume

the displacements in the specimen to be:

U1 = —Bx2x3

— r 1
U2 = Bxlx3 T427
U3 = 0

Differentiating the displacements gives the following strains:

€y =€, =€3=V,5=0

1l

Bx [43]

1

Vi3 T -Bx,
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The stresses associated with these strains are:

T2z = CuaB%y
Ti3 = 2(C11-Cy)-Bx,) [44]
0 20,2035 T, =0

The constant B is evaluated by integrating the stress to find the

moment {(M):

- * 2 1 2 -
M = fjc44Bx1dA.-fja(cll—clzx-sz)dA 453
which gives for B in terms of the moment:
B = — 4341 . (467
R v(C44 + E(CH—ClZ))

The resolved shear stress acting on dislocations with the [1T1]
Burgers vector can now be evaluated for the two stress distributions
given by equation {397 and equation [447. Using values for the elastic

constants from Mason (57),

Cyq = 2.37% 1012 dynes/cm2 Sy, = 7.57x 10713 cmz/dyne
B 12 1 B -13 ,
Clz—— 1.41%X10 ! Slz——Z.SZXIO !
- 12 1 — -13 "
C44—1.16X10 844—8.62X10 )

[47]
the resolved shear stress (Tr) calculated from equations [397 is:

My [487
TR

and calculated from equations [44] is:

2Mzx
)

1TR4

T, = 0.95¢( {497

Since the resolved shear stresses for the two cases considered

here differ by only 5 percent, the use of the isotropic stresses,
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cquations {397, does not introduce a very large error into the stress-
velocity relations reported in this work. In addition, the measure-
ments were all made at points on the specimen for which the angular
relationship relative to the crystal orientation was a constant. This
meaus that although the use of the isotropic stresses introduces a
slight error in the absolute magnitude of the stress, the same func-
tional form of the velocity-stress relationship will be observed un-
less the actual stress distribution differs significantly from being

linearly related to the radius.
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