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Single crystals of Cu-10.5-at. I~At alloys with the f125] j121] j210] orientation experience discontinuous

elongations under tensile stress at 4.2'K. The processes are initiated at a resolved shear stress of 3.01

hg mm ' on the j 111j (101] glide system. They introduce slip bands with a mean width of 47 fsm

and produce a mean integrated shear displactmnent of 5.7 p,m corresponding to the motion of 3.5X10'
dislocations in nearWge orientations. Simultaneous elongation-time and stress-time records have been

obtained with capacitive and cenunic piezoelectric transducers located near the site of relaxation in the

cryostat. AAer an initial interval of 30 @sec, elongation proceeds at a constant rate of 1.1 cm sec for
400 p,sec. During this process, the shear stress is 0.024 kgmm ' lower than at the onset of relaxation.

The rate of elongation, which is determined by the mechanical properties of the system, gives a value

for the product of the number and velocity of the moving dislocations of 3.76X10' cm sec '.
Observations of the surface topography of the slip bands and of the dislocation-etch-pit distributions

within them are used to establish a model for the sequence of events during the relaxation process.
With this model, the mean velocity of the dislocations is found to be 2.1&(10' cm sec ' at a resolved

shear stress of 2.98 kg mm ' and a local steady-state temperature of 17'K.

I. INTRODUCTION

Load-elongation records showing successive
abrupt load drops have been obtained during the
tensile deformation of specimens of pure metals
and alloys at low temperatures in a number of in-
vestigations. Blewitt, Coltman, and Redman' and
Blewitt, Coltman, Jamison, and Redman observed
discontinuous slip with Liiders-band propagation
above a well-defined yield point in neutron-irra-
diated single crystals of copper at 4. 2 'K. The
load drops which involve rapid local plastic defor-
mation have been attributed to the generation and
migration of dislocations at high rates at the high
stresses at which they occur. ' '

Basinski ' studied serrated yielding at 4. 2 K
in polycrystalline specimens of superpurity alumi-
num and 24S aluminum alloy. He attributed the dis-
continuous load drops to thermal instabilities. The
thermal energy liberated during plastic deforma-
tion at low temperatures may cause a considerable
local rise in temperature because of the low spe-
cific heat and low thermal conductivity of the spec-
imens. Since the flow stress normally decreases
with increasing temperature, the system would be
unstable after the initiation of relaxation. Basinski
established loer limits for the temperature incre-
ment and correlated temperature pulses with load
drops by displaying signals simultaneously with a
double-beam oscillograph. Similar temperature
transients were recorded for polycrystalline speci-
mens of Cu-Ni alloys by Erdmann and Jahoda. '
Kamada, ' Kamada, Yoshizawa, and Chihaya, and
Kamada and Yoshizawa, ' studied serrated yielding
at 4. 2 K and higher temperatures in single crys-
tals of n-phase Cu-Al alloys with 1.2- to 14.2-at. 0/p

Al and also reported that such yielding is observed

in single crystals of O, -phase Cu-Si and Cu-Ge
alloys but not in Cu-Ni alloys. Kamada rejected
the thermal instability mechanism in favor of the
mechanism based on rapid generation and migra-
tion of dislocations. His discussion of the thermal
behavior of the crystal during deformation at 4. 2 K
does not appear to be entirely valid.

There is no general agreement on the rate-deter-
mining mechanism during serrated yielding at low
temperatures and either or both of the mechanisms
proposed may be operative in different systems.
In all of the previous work, no quantitative mea-
surements as a function of the time of either the
local elongation or of the stress at the site of re-
laxation have been made, and no discussion of the
role of the dynamical properties of the mechanical
system has been introduced.

The objectives of the present work have been to
make a detailed quantitative study of the dynamical
conditions governing a fast localized relaxation pro-
cess at 4. 2 K in the single-crystal element of the
elastically strained mechanical system and of the
numbers, configurations, and average velocities
of the dislocations involved in the process. No one
has previously attempted to make all the observa-
tions and measurements needed toallow the macro-
scopic aspects of the fast-relaxation processes to
be correlated with the microscopic-dislocation
mechanisms responsible for them.

II. EXPERIMENTAL METHODS

A. Growth and preparation of the crystals

The methods developed for the growth of alloy
crystals with large subgrains and low dislocation
densities have already been described. " All the
work presented here has been done with crystals
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of the Cu-10, 5-at. "/o-Al alloy with the [125](121)
(210) orientation. ' The alloy was produced and
the crystals grown in graphite molds heated with a
high-frequency induction furnace in a vacuum main-
tained at 2x10 ' Torr with a large-capacity ion
pump. The as-grown dimensions were 12 x 0.45
X0.45 cm. The crystals were annealed in a closed
graphite tube at a temperature 100 C below the
melting point for 100 h at a pressure of 10 8 Torr,
also maintained with an ion pump. Sections 7. 5
cm long were then chemically polished on all four
surfaces. ' To localize the relaxation processes in
the center of the crystal, two shallow grooves were
made in the (121) surfaces with edges along the
(101) traces of the (ill) glide planes, a width of
4. 75 mm and a depth of 0. 1 mm. The surfaces
were then electropolished" and the damage intro-
duced by spark erosion completely removed. The
final cross section was very nearly 0.43x0.43cm,
apart from the thinned section. The crystals were
then mounted in a nitrogen atmosphere with Cerro-
matrix alloy in phosphor bronze grips which were
held by the universal heads of the tensile system.

B. Tensile system and the cryostat

The detailed design of the tensile system and
cryostat will be presented elsewhere. It has an
outer stainless-steel tube attached through a flange
to the underside of the cross-head of the Instron
machine. A universal head is located at the bot-
tom of this tube. The crystal is mounted between
this head and a second universal head from which
a stainless-steel pull-tube passes upwards through
the cross-head to a third universal head and a steel
block replacing the Instron load cell. The system
was designed to minimize the reflection of stress
waves at the universal head between the crystal
and the stainless-steel pull tube. The crystal was
cooled to 4. 2 'K and the temperature was measured
with a calibrated Ge thermometer mounted on the
lower grip.

C. Transducer and recording systems

The details of the transducers and recording sys-
tems will be published elsewhere. For the accu-
rate absolute measurement of the critical load re-
quired for the initiation of the abrupt elongations,
and the magnitude of the associated load drops, a
proving ring with a strain-gauge transducer, cali-
brated with standard weights, was introduced im-
mediately below the third universal head. A high-
er sensitivity for the measurement of the abrupt
elongations was achieved with a high-frequency
differential transformer, mounted along the verti-
cal axis of the proving ring.

The local rate of elongation during the load drops
was measured with a capacitive transducer, the
plates of which were mounted on opposite sides of

the grooved section of the crystal. The mass of
each plate assembly was 8.75 g, and therefore
too small to have any influence on the dynamics
of the relaxation process. For some experiments,
a plate was mounted to form a capacitor with the
(210}surface at the lower side of the grooved sec-
tion of the grounded crystal. Both capacitive trans-
ducers have given the same results.

The dynamic load changes during an abrupt elon-
gation were measured with a PZT-4' annular
ceramic transducer mounted in the lowest univer-
sal head. This was calibrated at 4. 2 'K against
the proving ring by measuring the voltage change
for a given load increment or decrement with a
vibrating capacitive electrometer.

The outputs from the strain-gauge bridge and
differential transformer of the proving ring were
chart recorded. The output from the piezoelectric
transducer was displayed with the upper beam of
an oscillograph and, for each record, the simul-
taneous output from the capacitive transducer was
displayed with the lower beam at the same sweep
rate. This proved to be most important because
it allowed changes in stress to be correlated with
the elongation-time records.

D. Surface topography and etch pits

After their removal from the cryostat, the (210)
surfaces of the crystals were examined with the
optical microscope and the widths of the narrow
slip bands measured on both sides with an eyepiece
micrometer. The normal displacement of the sur-
face across the bands was determined, again on
both sides of the crystal, with the interference
microscope from the lateral displacement of thal-
lium light fringes. From the measurements, the
plastic shear strain within the slip bands was cal-
culated. Uranium-oxide-preshadowed carbon rep-
licas were made from the f210) surfaces. " Mea-
surements of the widths and distributions of the
individual slip terraces were made on electron
micrographs of the replicas. From the results,
the numbers and distributions of the dislocations
passing through the surfaces were determined.
The numbers and distributions of the dislocations
retained within the crystals were determined by
Hobgood and Mitchell with the etch-pit method. "
For this work, the crystals were sectioned on(111)
planes passing through the slip bands.

III. EXPERIMENTAL RESULTS

A. Load-elongation curves

All the crystals were strained at a cross-head
speed of 8.33&10 cm sec '. In the first series
of measurements, the absolute va)ue nf the ~~' '
load was measured continuously with the strain-
gauge transducer of the proving ring. Beyond the
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yield point, the load-time curves have regular suc-
cessive serrations corresponding to abrupt elonga-
tions which are initiated from a very nearly con-
stant load level. Two successive load drops are
shown in Fig. 1. The constancy of the load over
long segments preceding A and following H shows
that there is no creep relaxation either within the
crystal or at the grips at 4. 2 'K. The abrupt
elongations were initiated at a resolved shear stress
on the (111)(101) glide system of 3.Ol + 0. 05 kg
mm . The elongations were determined from the
product of the time for elastic recovery from D to
the same load level as Q and the cross-head speed.
For the system including the proving ring, the
mean value of the elongation per event was 6. 5
x 0. 5 p, m. The same mean value was obtained with
the differential- transformer transducer. When the
harder elastic system was used for the time-reso-
lution work in the second series of measurements
of Sec. IOB, the mean value for the elongation per
event was found to be 4.4 + 0. 5 JLI,m.

B. Time resolution of relaxation events

The plastic elongation- time and load- time records
made with the capacitive and piezoelectric trans-
ducers for the system with the proving ring were
not reproducible due to fluctuations caused by me-
chanical oscillations. The dynamical charac-
teristics of the mechanical system were analyzed
both theoretically and with an electrical-analog
system. " Following this, the proving ring was
eliminated and the system was redesigned to
minimize the reflection of stress pulses between
the upper end of the crystal and the lower ter-
mination of the pull tube. A typical record ob-
tained with the new system is shown in Fig. 2.
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FIG. 1. Tracing of section of load-time chart record
showing constant load over segments AB and GH with
cross-head stationary, elastic elongation over BC and
DE to the yield points at C and E, and load drops CD
and EFdue to the abrupt elongations. The maximum
stress which the crystals would sustain was remarkably
constant.
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FIG. 2. Simultaneous load-time (upper curve A) and
elongation-time Gower curve B) records obtained with
piezoelectric and capacitive transducers. On vertical
scale, 1 division equals 0. 33 kg force and 1 division
equals 1.5 pm. On horizontal time scale, 1 division
equals 100 @sec.

The lower elongation-time curve shows that,
after an initial period of 30 p.sec during which
a steady state is established, elongation proceeds
at a constant average rate of 1.1 cm sec for 400
p, sec. The upper load-time record shows that the
load at the position of the transducer drops by
0. 76 kg during the initial 30- p, sec interval and then
remains constant for 400 p, sec. This corresponds
to a drop in the tensile stress for this crystal of
0. 05 kg mm ~. The mean values of these quantities
from 47 records obtained with six crystals are
l. 1+ 0. 1 cm sec ' and 0.05+ 0. 01 kg mm '. All the
records gave the same values of 30 and 400 p, sec
for the initial interval and the duration of the event.

C. Surface topography and etch pits

The study of the (210}surfaces with the optical
microscope showed that the elongation increments
result from the introduction of narrow slip bands
of the type previously studied in crystals deformed
at room temperature. ' ' With these accurately
oriented crystals, there were no slip traces on the
(12lj surfaces which contain the slip vector. The
widths of the slip bands on the opposite (210j sur-
faces were always very nearly equal and either
47+10 p, m or a multiple of this. The interfero-
grams showed that the mean surface slope was
constant across the bands and the same on oppo-
site (210) surfaces The mean .plastic shear strain
was calculated from measurements of the widths
and integrated step heights on both surfaces for a
large number of bands in the six crystals deformed
with the hard system and found to have an over-all
mean value of 11 a 2 . The mean integrated shear
displacement across the 47- p, m-wide bands was
found to be 5. 7 p, m, in agreement with the mean
elongation determined from the load-elongation
curves. The quantitative measurements show that
the wider bands arise from a number of successive
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adjacent events, each producing nearly the same
elongation increment.

The detailed structure of the slip bands was de-
termined by replica electron-microscopy and
etch-pit methods. ' The electron micrographs of
the replicas show that the slip terraces are ar-
ranged in clusters with an average of 20 clusters
within the 47- p, m bandwidth. The mean width of the
bands normal to the (111)glide planes was 30 pm
so that the mean separation of the glide planes
passing through the centers of the clusters was
1.5 p, m. The density of the shadowing deposit of
uranium oxide on the individual slip terraces was
not constant so that they cannot result from slip
on single atomic planes.

The etch-pit work on (111)sections has estab-
lished that the long-range dislocations within the
slip bands are in near-edge orientations. Near the
edges of the slip bands, arrays of light and dark
pits" ' corresponding to piled-up positive and nega-
tive dislocations are often observed on adjacent ac-
tive glide planes separated by about 1.5 p, m. This
would correspond with the 1.5-p.m spacing of the
clusters of glide planes seen in the replicas. 0

This suggests that the clusters of glide planes are
activated in pairs with the positive near-edge ori-
entation dislocations moving on one cluster and
the negative dislocations moving on the adjacent
cluster.

The mean density of long-range primary dislo-
cations within the bands, projected on the (121].
surface was 1.3 &10' cm . The area of the slip
band projected on this surface is 0.43x47&10
cm so that the total number of dislocations re-
tained within a slip band after an event is 2. 6x 10 .
Since there is a uniform average distribution of
these dislocations across the glide planes, the mo-
tion of each dislocation from the surfaces of the
crystal will produce a mean displacement of —25
=1.29&10 cm. The total shear displacement due

to the motion of these dislocations will therefore
be 3.4 p, m. The mean elongation per event from
the load-elongation curves is 4.4 p, m. This cor-
responds to a shear displacement of 4.4/cos 39' l4'
= 5. 7 p, m. We have therefore to account for a shear
displacement of 5.7 —3.4=2. 3 p, m with dislocations
which effectively cross the glide planes from one

{210)surface to the other. Since these produce a
displacement b, the number is 2. 3 x 10 4/2. O'L

@10 =9, 1x10'. This leads to the conclusion that
a total number of 3. 5x10~ dislocations is involved
in the formation of a slip band. Of these, about
one quarter or 9.1x10' dislocations effectively
cross the glide planes while approximately three-
quarters or 2. 6&104 dislocations are retained with-
in the slip bands as a uniform distribution on the
glide planes. Since there are 10 pairs of clusters,
the number of dislocations involved in the activa-

tion of each pair is 3500. Of these, 2600 are re-
tained within the crystals and 900 cross the glide
planes from one (210) surface to the opposite one.

D. Experimental value for n v

These results have been used to establish the
model of the relaxation process which is needed
before the average velocity of the dislocations can
be derived from the rate of elongation. Without
the introduction of a model, it is, however, pos-
sible to calculate the product of the number n of
moving dislocations and their average velocity v

in the steady state from the rate of elongation. The
rate of elongation is given by the expression dL/

dt = abnv/s, ' where o, = cos39' 14' and s = 0.43/
sin39 14' is the length of the trace of the glide
plane in the (121) surface. Since dL/dt=1. 1 cm
sec ', nv=3. 76X10' cm sec '. This is a reproduc-
ible experimental result characterizing the relaxa-
tion process in this system.

IV. DISCUSSION

A. Macroscopic features of the relaxation process

The tensile system has a number of elements
with different masses and elastic constants which
determine its mechanical properties including the
normal modes of oscillation" and the elastic strain
energy stored at the yield point. These elements
are (i) the outer tube which is in compression, (ii)
the crystal, with the upper and lower universal
heads in tension, (iii) the axial pull tube and third
universal head intension, and (iv) the steel block
replacing the Instron load cell. There are three
important elastic discontinuities in this system:
(i) at the interface between the crystal with the
lower universal head and the compression tube;
(ii) at the interface between the crystal with the
upper universal head and the pull tube, and (iii) at
the interface between the pull tube with the third
universal head and the effectively rigid block at a
distance of 101 cm from the site of relaxation.
The amplitude reflection coefficients for stress
waves at interfaces (i) and (iii) are greater than
0.9, so that the effective mechanical system during
an abrupt relaxation consists of the crystal with
the upper and lower universal heads, the interface
(ii) and the pull tube.

The crystal and the two universal heads partici-
pate in high-frequency mechanical oscillations
when the state of stress at the yield point is re-
laxed by an abrupt local elongation near the center
of the crystal. The periodic stresses due to the
oscillations are superimposed on the applied stress
in the crystal and the resultant stresses during
the tensile half-cycles cause successive secondary
relaxations. The oscillations have been reduced
to an ineffective level by minimizing the amplitude
reflection coefficient R for the stress pulses pro-
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duced by the elongation at the interface (ii). By
reducing the dimensions of the upper universal
head and the cross-sectional area of the pull tube
as far as possible consistent with adequate me-
chanical strength, a value of A = 0.3 was achieved.
This approaches the mechanical impedance-match-
ing condition, A, Z& = A2 Z~, where At, Az and Z, ,
Z2 are the areas and impedances of the elements
on either side of the interface. These important
features of the design of the tensile system have
permitted the detailed study of the characteristic
properties of the individual relaxation events.

The abrupt relaxations result from shear dis-
placements on fill] planes within a narrow slip
band about 47- p, m wide, located near the center
of the crystal. The accompanying axial elongation
causes compressive stress waves to propagate
outwards in opposite directions. The front of the
downward propagating wave in the crystal reaches
the lower discontinuity (i) and is reflected as a
compressive wave with an amplitude reflection co-
efficient of about 0.9, about 10 psec after the ini-
tiation of relaxation. After the passage through
the site of relaxation of the stress wave reflected
at (i), the crystal on the lower side of the slip band
is stationary, because of the superposition of near-
ly equal and opposite particle velocities. Two com-
pressive stress waves are therefore propagated up
the pull tube with a time delay of about 20 p.sec
between the wave fronts. The experimental obser-
vations show that they are reflected as compres-
sive stress waves at the upper discontinuity (iii)
and return to the site of relaxation 400 p, sec after
the initiation of the process. This is in quantita-
tive agreement with the transit time for a longi-
tudinal sound wave up the crystal to (iii) and back.

The load-time curve A of Fig. 2 shows that 30
p, sec after the initiation of relaxation, and follow-
ing the upward propagation of the two stress waves,
the tensile stress in the crystal falls by 6@33=0.05
kgmm and thereafter the mean stress in the crys-
tal, cr33 remains constant. The initial stress is
o~o, =6. 14kgmm so that the stress in the crystal
after the initiation of relaxation is 033 (f33 +@33
=6.09kgmm (x„ lies along the [125] axis of the
crystal and the axis of the pull tube).

The &tress in the crystal is determined by the
dynamical equation of motion of a stress wave,

c 0 c cd c "B
o-=oss —Z —or ~o~s=o' —o33=Z —(1)0

dt dt

where Z'= po (p is the density and c is the velocity
of longitudinal sound waves) is the characteristic
impedance of the crystal and du/dt is the particle
velocity of the moving half of the crystal. Curve
B of Fig. 2 shows that this particle velocity on the

upper side of the developing slip band has a con-
stant mean value of 1.1 cm sec . This is deter-

mined by the product of the number and the veloc-
ity of the moving dislocations. Because of conti-
nuity, in the interval 30& t & 200 p, sec this must
so be the upward velocity of the pull tube behind the
stress fronts. We have Z" (du/dt)" = ~odist, where Z"
=4. 1x10 gcm sec 'anddu/dt=l. 1cmsec '.
Withthesevalues, Ao33 4. 5&10 dyncm = 0. 046

kg mm 3. The stress difference required to establish
the particle velocity in the crystal is then given by

'o3, = Z'~g„'/TZ", where Tis the transmissioncoef-
ficient, 0. 7 at the interface (ii). Z'=2. 72x 10'
gcm sec so that Lh,cr33 0. 044 kgmm . This is
as close to the measured value of 0. 05 kg mm 2 as
would be anticipated from the experimental error
and the simplifications inherent in the model and
the analysis. The agreement establishes the self-
consistency of the measurements which have been
made with the piezoelectric and capacitive trans-
ducer s.

The behavior of the crystal during an abrupt load
drop is thus determined by the dynamical charac-
teristics of the mechanical system. The constant
rate of axial elongation at the slip band of 1.1 cm
sec ' maintains a constant particle velocity in the
steady state during the 400- p, sec transit time of
the stress pulses. Elongation ceases when the
stress pulses return and pass through the slip band,
reducing the tensile stress by a further 0. 05 kg
mm so that elongation occurs only over a very
small range of shear stresses.

The physical basis for the compensating mecha-
nism which suppresses the small Quctuations in
the elongation rate seen in Fig. 2 can now be under-
stood. A reduction in the rate produces an imme-
diate reduction in the local particle velocity du/
dt of the crystal above the relaxation site. Since
aa3, /(du/dt) =Z'= const, ~33 must immediately
decrease and, from Eq. (1), o;, and the resolved
shear stress on the glide planes within the slip
band must rise. This produces an increment in
the product nv and the elongation rate will there-
fore increase until the steady-state value is re-
established. The correlation between decreases
in the rate of elongation and decreases in 6033 is
clearly seen in curves A and B of Fig. 2.

B. Energetic aspects of the relaxation process

The macroscopic features of the relaxation pro-
cess can also be considered from an energetic
viewpoint. For the crystal, the elastic-strain
energy density at the yield point is given by se

= —,'s„(oo,)2. For a Cu-10. 5-at. /p-Al crystal with

a [125] axis at 4.2'K, s„has an estimated value
of 1.11x10-xa dyn-s cma. This is based on an ac-
curate calculation of s33 at room temperature from
the measured elastic constants 5 and an estimate
of the change in s33 between room temperature and
4.2'K. At 4, 2'K, o33 is 6. 14 kgmm, so so'
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=2. 0xl0 ergcm . For the stainless-steel pull
tube, av" = 5. 1&&10' ergcm '. The passage of the
two stress waves reduces the tensile stress by
0. 044 kgmm in the crystal and by 0. 046 kgmm ~

in the pull tube. The elastic-strain energy densi-
ties are therefore reduced by boo'= —2. 8x10 erg
cm and b,so~'= —0.99&10 ergcm . During the
steady-state relaxation {f& 30 p, sec), the potential
energy of the system is decreased by the propaga-
tion of the stress waves up the pull tube at the
rate of r W" /r t = —cAn ur" = —l. 2 &: 10' erg sec ',
where c is the velocity of sound in stainless steel
(5, 17x10' cm sec ' at 4.2 K) and A is the cross-
sectional area of the pull tube {0.24 cm ). The
small change due to the propagation of the stress
wave in the outer compression tube is not included.

We now consider the possible processes whereby
this decrease in the potential energy of the system
is converted into other forms of energy. For
t&30 psec, the sections of the crystal and pull tube
between the slip band and the wave fronts are mov-

ing with a constant upward velocity of 1.1 cm sec '.
A small fraction of the potential energy of the pull
tube will therefore be converted into kinetic ener-
gy at the rate of nK/r t = —,'cAp(du/dt—) = 5. 9 && 10~

erg sec . A negligible amount is converted
into thermal energy in the volume of the crystal and
the pull tube during the adiabatic propagation of
the stress waves. The experimental observations
show that a number of dislocations equal to 3. 5
&&10 is introduced with an energy per unit length of
3.96X10 erg cm and an individual length of
0.43 cm. For a uniform rate of introduction over
400 p, sec, this gives a negligible rate of conver-
sion of 1.5@10 erg sec . Most of the potential
energy must therefore be converted into thermal
energy at the slip band at the rate of 1.2x, 10 erg
sec ~ through work done by the dislocations against
the effective frictional forces acting on them. This
conversion occurs in a band with a width of 30 p. m
normal to the glide planes. The order of magni-
tude of the width of the region experiencing a tem-
perature change during the 400- p, sec process is
given by ~=2(4ot)'~'. With o.'=20 cm sec ', es-
timated from specific-heat and thermal-conduc-
tivity data, this gives ~=0.36 cm. The con-
version of the potential energy into thermal energy
within this volume leads to a temperature increase
of the order of 13 K which corresponds to a tem-
perature of 17 K within the slip band.

C. Microscopic mechanism of the relaxation process
We next consider the relaxation process in

terms of the generation and migration of disloca-
tions. The detailed mechanism, which will be pre-
sented in a separate paper, ~ will be summarized
here and the model will be used in Sec. IV D to
arrive at an estimate of the average velocity with
which the dislocations move during the abrupt

elongations. When the axial tensile stress reaches
a value of 6.14 kg mm corresponding to a shear
stress of 3.01 kg mm on the @11)(101) glide sys-
tem, relaxation is initiated by the activation of a
dislocation source which emits rapidly expanding
loops. When segments of these loops reach either
or both of the opposite (210) surfaces, broad in-
ternal stress maxima are developed ahead of the
moving dislocations which are superimposed addi-
tively on the applied stress at the acute angles be-
tween the glide plane and the surfaces. Many
sources at or near the (210) surfaces are now ac-
tivated in one or both of these regions. In either
case, a self-sustaining unit relaxation process is
rapidly established in which dislocations in near
edge orientations with Burgers vectors of opposite
sign move in opposite directions on two adjacent
clusters of glide planes with centers separated by
about 1.5 p.m. There is no long-range stress field
associated with such a distribution of dislocations.
The long-range motion of the dislocations on the
first pair of clusters results in a local generation
of thermal energy by mork done against frictional
forces. This produces a symmetrical temperature
distribution on either side of the pair of clusters.
The etch-pit studies show that the long-range mo-
tion of the dislocations is terminated by the activa-
tion of the {111}(110) and ]111 ) (Oli) glide sys-
tems. This introduces forests of secondary dis-
locations which impede the motion of the primary
dislocations by combining with them to produce
high densities of sessile segments. When this
happens, the rate of elongation is reduced and the
local shear stress rises. Since the resolved shear
stress for the activation of sources decreases with
increasing temperature, ' new pairs of clusters
are activated in the higher-temperature region on
either side of the first cluster and beyond the range
of the secondary dis1.ocations. These processes
continue with widening of the slip band until the re-
turn of the reflected stress pulses. Motion on the
outer activated clusters then ceases because the
primary dislocations are unable to overcome the
frictional stresses under the action of the lower
shear stress. The temperature falls and the stress
required for the activation of new sources in-
creases. Activation cannot now occur until the
shear stress is increased by the relatively slow
motion of the cross-head of the tensile machine.
During this period, the slip band is inactive and a
new band is usually introduced at another site in
the crystal.

D. Calculation of the average dislocation velocity

We now develop a quantitative discussion which
is consistent with the model for the relaxation pro-
cess outlined in the previous section. Averaging,
is used to avoid the introduction of unobservable



3298 R. B. SC HWARZ AND J. W. M ITCHE LL

details of the process. We have seen that elonga-
tion proceeds at a constant rate, dl/dt for f sec--
onds, and that during this interval, N disloca-
tions are introduced on m pairs of clusters of pri-
mary glide planes. The total number of disloca-
tions in each pair of clusters will be N/m and the
clusters will be active for t/m seconds. The long-
range displacement of these dislocations is respon-
sible for the observed elongation. We now assume
that the dislocations are introduced continuously at
a constant average rate of N/f sec ', motion on the
succeeding pair of clusters beginning when motion
on the preceding pair ceases through secondary ac-
tivation. The average number of moving disloca-
tions in each pair of clusters during the interval
t/m seconds will therefore be N/2m. We further
assume that these dislocations have the average
velocity, v, during the whole period of their mo-
tion. The rate of elongation is then independent of
the displacement of the dislocations across the
glide planes since, for one dislocation, dl/dt
= (nbd/s)//(d/v) = nbv/s, where o. is a geometrical
factor equal to cos 39'14', d is the displacement
across the glide plane, and s the length of the trace
of the glide plane in the {121j surface. For N/2m
dislocations, we therefore have dl/dt = nbvN//2ms.
From the experimental measurements, (N/2m)v
=3.76&&10 cmsec . With N=3. 5X10 and m =10,
we obtain for the average velocity, v the value of
2. 1&&10 cmsec '. The steady state is established
within 30 p, sec of the initiation of relaxation. The
dislocations therefore move with this average ve-
locity at the steady-state temperature of about
17'K and at a resolved shear stress of 2. 98 kg
mm

We have seen that the rate of conversion of po-
tential energy into thermal energy during the for-
mation of a slip band is 1.2&&10 ergsec '. This
rate is given by r W//4t =nobvx=nBv2x in terms of
the nv product and the velocity v, where B is the
velocity damping constant and x = 0.43 cm is the
length of the edge dislocations in the crystal. With
the measured values of hW/ht and nv, we obtain
Bv =7.6+0.7 dyne cm '. This is independent of the
model and microscopic mechanism used to calcu-
late the average velocity of 2. 1&& 10' cm sec '.
With this value, we find B= 3.6&&10 dynseccm
This is approximately an order of magnitude higher
than that obtained by extrapolating the measure-
ments of Jassby and Vreeland with pure copper
crystals to 17 'K. The increase is probably to be
attributed to the greater frictional resistance op-
posing the motion of the dislocations in the alloy
crystals.

E. Nature of the instability of the system

The experimental observations and numerical
calculations which lead to the model of the relaxa-

tion process support the hypothesis that the in-
stability of the system at the yield point has its
origin in the generation of dislocations at a rapid-
ly increasing number of sources within each suc-
cessively activated pair of clusters of glide planes.
Although the model is different, this conclusion on
the nature of the instability is so far consistent
with those of Seeger, 3 Haasen, ~ and Kamada. 5

During the formation of a slip band, part of the
potential energy of the elastically strained system
is converted into thermal energy as work is done
against frictional forces opposing the motion.
Since the resolved shear stress at the yield point,
required for the activation of dislocation sources,
decreases with increasing temperature, this fur-
ther increases the probability for the activation of
sources by the resultant stresses.

The experimental observations demonstrate con-
clusively that a dynamically stable steady state is
established 30 p, sec after the initiation of relaxa-
tion and that elongation then proceeds at a constant
rate of 1.1 cm sec ' for a further interval of 370
p, sec when it is terminated by a further decrease
of 0. 024 kgmm ~ in the resolved shear stress on
the glide planes. The local temperature at the slip
band in the steady state is estimated to be 17 'K.

The discussion of Sec. IVA shows that the re-
laxing system in the steady state is stable against
fluctuations in the rate of elongation and that the
dynamic stability appears to be determined by the
mechanical condition, boas/(du/dt) = Z' = const,
which requires the observed increase in 6033 when
the rate of elongation increases and vice versa.
Through this condition, the system is also dynam-
ically stable against temperature fluctuations
which accompany or produce fluctuations in the
rate of elongation in the steady state and cause
fluctuations in the nv product.

We therefore conclude that the discussion of
Basinski ' can only be relevant to the first 30 p, sec
of the 400-LLt, sec relaxation process in this system.
Within this interval, it is not at the present time
possible to maintain that the instability is entirely
of thermal origin. Although the resolved shear
stress for the activation of sources falls continu-
ously above 4. 2 K, thermally activated creep at
stresses close to the yield stress is not observed
below 8 'K. In the transition regime below 8 'K
where relaxation is initiated, it therefore appears
that the internal stresses associated with the mov-
ing dislocations play a more important role than
the increase in temperature in producing a rapid
increase in the number of sources so that the in-
stability is probably of mechanical rather than of
thermal origin.
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