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ABSTRACT

The dynamic behavior of single crystals of Angl was investigated
at strain rates of 200 to 60,000 per sec. Basal slip was found to be strain-
rate sensitive and the yield stress was found to increase with an increase
in temperature. This behavior is explained in terms of Suzuki locking. In
contrast, prismatic slip was found to be very strain rate sensitive. At
high temperatures and low strain rates-a diffusion mechanism is operative
which is surpressed at high strain rates giving an increase in yield strength
of a factor of 30. This behavior is explained in terms of the Peierls mechanism

.of kink pair formation.
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I. INTRODUCTION

This investigation was undertaken for the express purpose of studying
the plastic behavior of single crystals under conditions of impulsive loading
with specific emphasis .on the-significance of the dynamic behavior of
dislocations to the formulation 6f the mathematical theory of plastic wave
propagation. For this objective single crystals of the hexagonal phase
containing 67 atomic percent Ag and 33 atomic percent Al were selected
for study because of the variety of dislocation mechanisms they are known
to exhibit under conditions of slow deformation. 1 It will be shown that
when the plastic deformation is controlled by an athermal dislocation
mechanigm, the deformation stress is insensitive to the strain rate and
temperature. In contrast, when the motion of dislocations at low temper-
atures is thermally activatable, the flow stress increases with an increase
in strain rate and a decrease in temperatﬁre. However thermally activated
deformations which are dependent on diffusion are supplanted by other
mechanisms when the strain réte is so high that there is insufficient time

for diffusion to take place.

s T o
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II. EXPERIMENTAL TECHNIQUE AND PROCEDURE

Specimen Preparation: Oriented single crystal rods of the intermetallic

phase, 33 atomic percent Al-67 atomic percent Ag were grown from high s
purity Ag (99.995 weight percent) and Al (99.995 w.eight percent) in a
vertical furnace under a positive argon atmosphere by the standard
Bridgman technique. The rods were cut into specimens, annealed at
6500C to relieve residual stresses, and etched in nitric acid to remove
the surface oxide. |

For the purpose of studying the two slip systems of the hexagonal
closeA—packed structure, specimens were oriented for basal slip by the
{OOOIE<II§O>:mechanism or for prismatic slip by the {TIOO} 41-2-0>
mechanism. Both compression and shear tests were performed. For the
compression tests, cylindrical rods, one-half inch in diametéer by one
inch in length, were oriented for maximum resolved shear stress on the
particular slip system tested as shown in Fig.1la. As anticipated, specimens
oriented for slip on the prismatic plane in the compression type test
exhibited{lOTZ_} twinning. For this reason shear tests, as shown in Fig. 1D,
were also miade. In these tests the slip plane and the Burgers vgctor were
oriented parallel to the shearing plane. The shear tests had the added
advantage of providing very high rates of shear strain, in the vicinity of

more than 104 per sec. for the dynamic tests.

Experimental Apparatus: The apparatus used to produce and measure the

dynamic stresses and high strain rates, previously described in detail by ¥
Hauser and Winter2 and Hauser, Simmons and Dorn, 3 is shown schematically

in Fig.2. The input and output bars used in this investigation were 1/2 inch
diameter Ti-6A1-4V titanium alloy. Elevated temperatures were achieved

by encasing the specimen and the ends of the bars in a small furnace. A
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thermocouple was attached directly to the specimen to measure the temper-
ature. The electric strain gages on the input and output bars were water

cooled and operated at room temperature.

Method of Analysis: The method of analysis for the dynamic compression

tests followed that previously described by Hauser, Simmons and Dorn? from
which the resolved shear stresses and shear strains were obtained. Analogous
techniques were used in the shear tests from Wh‘.icﬁ the shear stress on the
slip plane and the shear-strain rate over the operative gage section were
determined. . Although the shear-type tests were introduced primarily to

study prismatic slip, their accuracy was established by comparison with
compression types of test for basal slip. As will be shown, data obtained
from the shear types of dynamic test agree well with those from compression
types of dynamic test. Inasmuch as the previously reported data was

obtained from éingle crystal tension tests, a number of "'static” cofnpression

tests were also made for purposes of comparison.
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- III. EXPERIMENTAL RESULTS

Basal Slip: The sheaf'- stress versus shear strain éurves for basal :
slip at 300°K obtained from the i}arious techniques that were employéd
are shown in Fig. 3. In gen‘erai these various test techniques, despite

the wide range of strain rates that were employed, give almost identical
stress—sfrain curves. Certain minor differences, however, are apparent:
whereas a single Luder's band formed in the slow tension test giving only
an initial yield point, the slow compression test gave a serrated stress-
strain curve suggestive of a rapid relaxation of the stress followed by
either a reinitiation of the migration of the first band or the ge'n'eré'tion‘;
of a second Luder's band front, etc. It was not determined Whether this
difference arose as a result of a harder éompression test set up or as a
result of the differences in stress concentration at the Luder's band front
in compression as compared with tension.  The dynamic compression test
also revealed serrations over the firstvpart of the test, which were much
greater than those usually observed that arise exclusively from the dynamic
test conditions. In contrast, the stress-strain curves obtained from the
dynamic shear tests were almost free from such serrations.

The nominal identity of the resolved shear stress versus resolved
shear strain curves obtained by the various techniques clearly justify the
use of the dynamic shear type of tests in this case. The results of all tests
for basal slip are summarized in Table I. The upper yield point was
selected from the maximum initial stress level whereas the lower yield
point was selected from the minumum stress level following yielding.

The resolved shear stress at the upper and lower ‘yield: strengths
for basal slip are recorded in Fig. 4 as a function of temperature. Since

the oxide coating has been found to affect the strength of single crystals,
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Type \(b)f TOK Upper Yield Lower Yield A.ve. Shear
Testf K PSI K PSI - Strain rate/sec.
D.C. 77 11 9 820
D.C. 77 12 11 940
S. T. 77 10.6 7.5 .0004
S. T. 194 11 8.3 .0004
S. T. 300 11.5 9 .0004
D.C. 300 12.5 11 1360
D.C. 300 12 11 380
D.C. 300 12 9.5 380
D.C. 300 12.5 10.6 140
D. S. 300 12.6 10.1° 45,000
D.C. 300 12.4 10.9 43,000
D. S. 300 13.2 10.1 87,000
S.C. 300 12.4 11.4 .0004
S.C. 300 12.8 12:2 .0004
S.C. 300 12.5 11.3 .0004
S. T. 450 12 9.5 .0004
D.C. 450 13.5 10.5 560
D.C. 550 14 - 340
D.C. 650 16 12 280
D.C. 750 17 13- 480
D.S. 820 17.5 - 52,000

S.C.
D.S.

Static ’cension1 ‘

Static compression

Dynamic shear

- Dynamic compression
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errors introduced by atmospheric ’:{e‘éﬁng at high temperatures were
investigated. Two crystals'vlil’rere h-eétv treated in air at 6500K, the oxide
coating removed from one, and then both were tested at 77°K. Since the
difference in stress was within the scatter of the data, any effect due to
the surface oxide was discounted.

The increase in the yield strength with increasing temperature is
therefore ascribed to the operative dislocation mechanism.
Twinning: As expected compression specimens favorably oriented for
slip on the prismatic plane twinned by the operation of the two most favor-
ably oriented {10%2} modes of twinning long before the resolved shear
stress on the prismatic plane reached its critical value for slip. Several
typical dynamic resolved shear stress-time records for twinning are
reproduced in Fig. 5. Over the first regions .of a test the flow stress remained
substantially constant, but the curves always exhibited a rapid increase in
stress level immediately following about 5% compression strain. Since
the maximum compression strain for twinning alone is about 3-1/2%, the
data suggest that the rapid increase in stress level is due to the restraint
of slip in the now twinned specimen. The data given in Fig. 6 refer to the
possiblbe effect of temperature on the critical resolved svhear stress for
twinning as deduced from the early horizontal portions of the types of
records illustrated in Fig.5. The dynamic data clearly reveal a decreasing
critical resolved shear stress for twinning with increasing temperature,
suggestive of a thermally activated twinning mechanism. This evidence for
a thermally activated twinning mechanism is stréngthened by the observation
that the critical resolved shear stress for twinning increases at 77°K when

the strain rate is increased.
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One dynamic test was run in which the stress was unloaded after
40/(,( sec. This specimen was.identical for those which were stressed for
the full 200/M sec. in that the twins completely traversed the crystal and
their average width was the same. However, there were fewer twins,
indicating that the observed flow stress may be primarily due to the
formations of new twins and not to the growth of existing ones. Since
twinning was not a major issue for this investigation, the definitive study
. of twinning was postponed for more detailed future investigations.

Prismatic Slip:

Because compression specimens favorably oriented for prismatic
- glip twinned before the critiqal resolved shear stress for slip was reached,
the shear type tests were considered. The good agreement between the
dynamic shear test data and the equivalent data that were obtained from the
other types of test that were employed in studying basal slip attests to the
nominal validity of the mechanics of the shear tests. All sﬁ)ecim:ens that
were tested in shear for‘-:prismatic slip did e’xhi;kﬁ-t so1;ne microstructural
evidence of twinning. But this was \}ery small, pérticularly at the higher
temperatures. | a |

Typical dynamic t_ést da’;a for shear tests are shown in Fig. 7. Over
the range 6f temperatufes above 1946K stress-time records of the type
shown in '"b" of Fig. 7 were obtained which'exhibifed- a small :yield point - .
drop followed by practic\allyl 'zero‘ stréin hardeniﬁg With continued deformation.
Specimens exhibiting this t.ypé. of dynamic behavior expe'I:'ienced dlmost
exclusively prismatic slip complicated with only very small amounts of
twinning. This type of behavior was quite analogous td that 6btained in the
slow tedéion types.of test where twinning was completely absent. ' At

temperatures of 194OK and below, however, records of the type shown in
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"a" of Fig.7 were obtained which exhibited considerable amounts of strain
Hardening: Specimens from such tests revealed considerable afnounts of
twinning which was evidently responsible for the strain hardening. Because
of this complication these tests were not considered in the discussion in
Section IVb. A summary of the initial yield strengths for both the slow
tension and dynamic shear tests as a function of temperature and strain

rate are recorded in Fig. 8.
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IV, DISCUSSION

A. Basal Slip

The presence of a yield point for basal slip in the Ag-33 atomic % Al
alloy reveals that the dislocations that are initially present on the basal
plane are locked in position. As shown in Fig. 4, fhe yield stress is not
only insensitive to great changes in strain rate from 1074 t0 6x 104per sec.
but remains substantially constant with temperature up to about 400°K and
thereafter, in sharp contrast to the usual trends, it increases as the
melting temperature is appr‘o'ached. Obviously, the operative deformation
controlling dislocation mechanism is athermal. Such athermal resistance
to the motions of dislocations can arise from long-range stress fields due
to other dislocations, recombined dislocations, long-range order, short-
range order, and Suzﬁki locking. Overcoming the long-range stress fields
and the recombination forces will not provide a yield point and will give
flow stresses that decrease linearly with an increase in temperature in a
way that parallels the decrease in shear modulus of elasticity with temper-
ature. As proposed by Flinn,5 alloys exhibiting long-range order can
exhibit strengthening with an increase in temperature up to about oné-half of
the melting temperature but x-ray diffraction analyses have shown that the
Ag-Al hexagonal phase does inot have long-range order. Whereas short-
range order is known to.be present in this alloy, the athermal yield stress
for the short-range ordered alloys should decrease with an increase in
temperature proportional to the decrease in the degree of ofder with temper-
atur‘e.,6 Having thus disqualified all other known athermal processes, we
.will now demonstrate that the experiméntal results can be rationalized in
terms of Suzuki locking.

As shown in Fig. 9, when dislocations on the basal plane of a hexagonal

CP structure dissociate,they form a stacking fault two atomic layers high (2h)
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Fig. 9. Sta‘éking fault on the basal plane of a HCP structure.
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in which the packing of layers of atoms poincides with a FCC structure. At
sufficiently _high t‘emp“e.ratures‘ (e7 g. above about 0.45 of the melting temper-
ature) where d_iffusioﬁ can take place, the solute atoms will distribute them-
selves between the stacking fault-and the surrounding ideal crystal as
dictated by two ph.as.e equilibrium. Because of the small fraction of the -
volume occupied by the stacking fault, the ideal regions of the crystal

refain approximately the 'average composition CO , but the composition in the
stacking fault changes_ to C,. |

Suzuki7 has shown that when a sufficiently high stress ] S\is, applied
~in the direction d the Burgers vector, the dislocations move a distance Cg— .

.as shown in Fig. 9. From the work done by the applied stress.it follows that

Rt (G Ml e

ke
where h is the distance between adjacent slip planes, V is the molar
volume of the crystal, b is the Burgers vector, F*"is-‘the free energy per
mole of the hexagonal phase and Ff is the free energy per mole of the fault.
The subscripts. ‘CO and Cf identify the compositions at which the free
energiés in the curved braces ar(e to be »evalua‘ted.“‘ Since the set of
, partiéis were originally at équilibriu.fn', the _Vchar;1ge. in free .en‘ergy given in
the curved braces is always positive, and cons‘equently é positive stress is
always required to move Suzuki—locked dislocations.
Two features of the abO\}e discussion are significant to the problem
under consideration. First the entire length of the partial dislpcatiOns move

at the same time revealing that Very high energies are required to activate

the motion of Suzuki-locked dislocations. Consequently this mechanism is
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athermal. Secondly, once the pair of partials have been moved past the
region of composition Cf' so fast that equilibrium caunnot be reestablished
in their new lo'c:ation, the subscript Cf in the last term of th. 1 bec'ome‘s ‘
COY. Under these conditions the stress, ,\\;, jbecornes small. Therefore a
Suzuki-locked alloy will exhibit a yield point. Both of these requirements
are satisfied by the data for basal slip.

It is not possible to calculate /T/ directly from Eqn. 1, since the
required thermodynamlc data for the free energies of the faulted region are
presently unknown and are not easily established. However, it is possible
to show that the experimentally determined values of IIVS and the increase with
temperature are c~eftainly within the théoretically acceptable range for Suzuki
locking. For this purpose we follow tﬁe development by Suzuki, assuming
that the thermodynamics of both the crystal and faulted regions may be
approximated by the ideal solution laws. It has been shovvn7 that for this
lirﬁiting approxim'ation )

T, = f‘,t (Co-¢NAF = (€-C) 5 (¥, - Sy

(2)
where "CO and Cf refer to the mo.le“fraction of Al in the alloy and iﬁ the
stacking fvault respectively, Z\Al and E{\Ag are the stacking faplt energies

per cm2 in pure hexagonal Al and pure hexagonal Ag respectively,

A ( Fﬁ F)" | (J’ | F/n
F= AL AL *'A% o Ag
| (3)
h h | .
where FAl and FAg refer to the free energies per mole of pure hexagonal
Al and pure hexagonal Ag and FAlf. and FAgf refer to the free energies

per mole in the stackmg faults of pure heXagonel Al and pure hexagonal Ag.
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(i.e., face-centered cubic phases). ’I‘.he equilibrium condition is given by

e . _Ce @_-'7%15

\"Cg_ \T“Co. (4)

Introducing the experimentélly. determiﬁed stress at the upper yield
as representative of the Suzuki unloci{ing stress /T/ . Egns. 2 and 4 were
‘solved simultaneously to give X\Al_g\Ag as a function of temperature.

Such simultaneous solutions, however, are only valid above about 400°K
since the composition. Cf at lower temperatures refers to the frozen-in
value at about 400°K. It is for this reason that the experimentally determined
FFJ s is practically indepgndent of the temperature below about 400°K.

As shown in Fig. 10, twc} possible sets of \é\Al - X\Ag are obtained from
the experimental data. Since, however, the stacking fault energy in cubic Al
is greater than that for cubic Ag, the stacking faultvenergy for hexagonal Al .~
is less than that for hexagonal Ag. On this basis the solid line of Fig. 10
represents the appropriate values. Both the order of magnitudé of the stacking
fault energies and the linear dependency in temperature are consistent with
theoretical expectations. Consequently, theory strongly supports the concept‘
that basal slip in the hexagonal Ag-33at. % Al alloy is controlled by Suzuki
locking. | |

B. Prismatic Slip

As shown in Fig. 8, the yield stress for prismatic slip exhibits
three distinct regions over each of which uniquely diff.erent dislocation
mechanisms are operative. The flow in Region I, which is characterized
by a rapidly decreasing yield stress with increasing temperatur;a, must be
controlled by a fhermélly activated mechanism. In view of the small
activation volume that was observed, Mote, Tanaka and Dorn1 tentatively

attributed the observed behavior in Region I to the Peierls: mechanism.
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Over Region II th‘e yield stress decreases only mildly with temperature
revealing that some_athermal process is operative here. These results have
been shown to be wholly consil_ste._n’cI with the concep_t that the deformation as
a result of prismatic slip in this region results from short-range order.
Extensive investigation by Howard, Barmore, Mote and Do.rn8 has shown
that the strain rate (or creep rate) over all of Region III can be correlated

by the equation

- 33000

3.89 10 y3e e AT

!

s
(5)
where the activation energy approximates that for diffusion. Consequently,
a thermalll'y act_ivated diffusion controlled ‘plastic flow process is operative
over Region III
. _‘Th‘e_dynanllic yield stresses recorded in Fig. 8 coincide with the

usual observations on thermally activated processes,. namely, that an
increzasevin strain rate at a constant temperature,leads to result-é equivalent
to a decrease in temperature at constant strain rate. The dynamic test data,
therefore, suggest that for the high strain rates encountered in the dynamic -
tests,' the low-temperature thermally activated process is operative ever
all of»the»test temperatures that were examined. It is expected, of course,
that the diffusion controlled mechanism. for prismatic slip, seen in Region
III, would not h.ave_ time enough to be operative under high strain rates that
were used in the dyna.r‘nvic tests. We will nowvldemon'strate that the extent
of Region I increases with an increase 1n strain rate and that the slow tension
test data ovbtained._in Reg:ion I are wholly consistent with the dictates of the
Peierls mechanism. Furthermore, we will show that all of the dynamic data
are also in fair qualitative agreement With.predict.ions based on the Peierls

process.
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’ Seeger:9 Seeger, Donth and Pfaff,10 Lothe and Hirth,llT and Friedel12
have discussed the Peierls mechanism. These earlier formulations of the
theory, however, were only approximafe and pertained accurately only for
low stress levels. More recently Dorn and Ra‘jnak13 have completed a more
rigorous and accurate theory for the Peierls process that is in excellent
agreement with most of the experimental data pertaining to the Peierls
mechanism in body-centered cubic metals. We will give a brief sum.mary
of this theory.

As shown in Fig. 11, the line energy of a dislocation has its minimum
value when it lies parallel to certain closély packed rows of atoms. A single
kink traverses the Peierls hill as shown in Fig.11b, where as a result of its
greater length, it has an energy Uk(zthe kiﬁk energy) which is greater than
that of a dislocation lying exclusively in the valley. To move a dislocation
lying exclusively in one valley to the next in the absence of a thermal fluctua-
tion requires that a stress, /YJ , equal to the Peierls stress be applied. If a
stress | 2 ]P is applied, the dislocation, in the absence :0f thermal fluctua-
tions, will move only part way up the Peierls hill as shown by the straight
dislo‘cation BB'. But at all temperatures above the absolute zero, thermal
fluctuations will provide energy to form segments such as CPP'C'. Most of
these will collapse back. But if the thermal fluctuation is great enough, a |
critical stage will be reached such that the pair of kinks so produced will
move away from each other thereby advancing the dislecation forward by the
periodicity, a, of the lattice. The theory for the Peierls process permits an
accurate determination of the saddle point energy uhﬁ’?‘g? for the nucleation of
a pair of kinks. On this basis the shear strain rate)X‘)- is given by the Boltz-

mann type of formulation as

$=EO ()b DbL/wp) @ AT

(6)
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where L .is the geometrically determined distance over which the pair of
kinks move, (3 is the density of the freely movable dislocations, \) is the
Debye frequency, \W is the width of the critical size of loop, and kT has
its usual meaning. Egn. 8, which assumes that only one pair of kinks is
migrating in L at one time, must be replaced by a slightly more complicated
relationship, as shown by Dorn and Rajnak,13 when several kinks move at the
same time in the geometric length L. Eqn.6, however, will be adopted here
because it predicts results in good agreement with the present experimental
data.

Eqgn. 6 is valid only up to a critical temperature, TC , because the
necessary thermal fluctuations at Tc and above are so frequent that even
for an infinitesimal stress, no wait time is needed for nucleation of a pair

of kinks. For this critical condition, Equn.1 becomes
: . | 2 Uk

Since W appears in the pre-exponential term and is furthermore only mildly

——

(1)

sensitive to (r'*, it can to a first approximation be treated as substantially

. constant. Therefore, for a given strain rate, Q and L constant, Eqgns. 6 and

MY T

2 Uk Ta

7 give

(8)
, H
The theoretical evaluation of u’" 29,28 @ function of —I/:— for the
e ® T
case where the Peierls hill is sinusoidal is given by the solid curve of
Fig. 12.13 This curve is universally valid for all materials: As ’l\ﬁgpproaches

zero, the energy that must be supplied by a fhermal fluctuation to produce a

pair of kinks is l?_,{/k .. When the stress, Tﬁ:s equals the Peierls stress,
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Up/2ug ~ T/Tc

MU-30762

F1g 12, Depéndénc’e of the enei'gy to nucleate a pair of
- kinks on the applied stress.
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no additiohal energy need be supplied by a thermal fluctuation to cause the
forward motion of a dislocation and ‘M becomes zero., As shown by Eqn. 8,
the theory can be viewed in terms of I /,r as a function of T/T . At the
absolute zero, therefore, as shown in F1g 12, /T = \F whereas \
at T = Tc'

The slow tension test data given in Fig. 8 can now be correlated with
the theoretical predictions based on the Peierls mechanism.. For this purpos‘e
the stress required for aiding the thermal activation of the Peierls process

is

(9)
where ' is the total applied stress and l Sh is the stress needed to overcome
the athermal short-range order enefgy. Assuming the mild effect of temper-
ature on /léh_ , shown in Fig. 8, and neglecting the poésible but negligible
effect of temperature on the Peierls stress, we obtain the experimental datum
points shown in Fig,12. The agreement between theory and experiment is
excellent. The solid curve given in Fig. 8 over Region I is the theoretical

\ /|\J?(< :

at T =0 and =0 at T=T,.

T

We will now explore the dynamic test data for prismatic slip. For

N2
curve fitted to | =

this purpose the best fit curve, shown broken in Fig. 8, was placed through
the average of the scattered data approximating a strain rate of ¥ = 30,000
per sec., and the corresponding critical temperature, TC , was estimated

as indicated in the figure. Assuming that e and L were the same for the

slow tension and dynamic shear tests, theory suggests that

% jﬁx —Quk
——." = e Q/e ¢ (10)
X\'l
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On this basis it is found that 2"14{- = 0.40 ew7 .. . This seems to be about the
right order of magnitude since the appropriate value for Fe is somewhat
greater than this va_xhie.%.3 Whén\, however, this value of 2 uk is used to
predict the flow stress for strain rates_of about 60,000 per sec., the predicted
values fall slightly below the experimental data. This éuggests that Q , the
density of the free dislocations, is somewhat less in the dynamic tests than

in the slow tension teésts and cortelates with the possibility that twinning in
the dynamic tests provides some barriers for the motion of dislocations,
whereas no twinning was encountered in the slow ténsion tests. Nevertheless,
the general trends are consistent with the predictions based on the Peierls

mechanism with modifications due to twinning in the dynamic tests.

C. Plastic Waves

All theories of plastic wave propagation are based on the equations for
dynamic equilibrium and the conditions for continuity and therefore differ.
from each other only with respect to the counstitutive equationé that describe
the dynamic elastoplastic behavior of the material.. Using only the Hugj;’i

‘equations for equilibrium and the condition for continuity, the velocity ’0{1‘

of the propagation of a wave down a thin longitudinal bar is given by

A4 _ Kol
dAx T ___Z,l—:_-—g’] __
N )

where

cal

[g] the shock in the total engineering strain)

the shock in the engineering stress,

and Q is the density of the material. For crystalline material, however,

the shock in total strain) [ej )_can o‘nly refer to the shock in elastic strain,
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since the shock in plastic &train is-zeéro. ‘This follows because, as shown
by Frank,‘-'m‘ the energy per unit length;, r‘ , of a moving dislocation depends
on its velocity U~ -For a screw dislocation, r‘ . is given by the relativistic-

like equation: -

ey - -E)R,

(12)
where -E'is the rest energy and c is the velocity of an elastic shear wave,
‘As shown by Johnston and Gilmanls‘ in their investigations on LiF, the
velocity of dislocations under high stress approaches the limiting value of c,
as suggested by Eqn.12. Because the energy of dislocations depends:on
their velocity, they have inertia, and as shown by expanding Eqn. 12 into a
Taylor's series, for velocities less than about 0.lc the effective mass of a
dislocation is about E/C_z. Consequenfliy the instant a shock in stress arrives
at a'dislocation which was originally at rest, the dislocation remains at its
original position but it accelerates. Because there can be no abrupt change
in;the position:of dislocationsas a result of a shock in stress, there can be
no‘ shock in plastic'strain. Therefore the shock in the total shown can only

‘equal the shock in elastic strain and Eqgn. 11 always reduces to
o _
dd _ | E /
AT N ‘

where E is Young's modulus of elasticity.

(13)

Since the inertia of dislocations is very small,they accelerate rapidly
to their limiting velocity. This concept has also been experimentally verified
by Johnvst.on and Gril_manlﬂ5 who c‘)bse'rved that the dislocations undertook the

same displacement under a single stress pulse as under a series of stress
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pulses of the same total duration. For example, neglecting damping, the
accelerative period of a dislocation can be calculated by equating the rate of

work done by the stress to the increase in line energy according to
b = T
When this is integrated, taking U = 0 at t = 0, the result is

quu:. 2‘; o (- (—z—’)l)_/l.

Using the values appropriate for Al, namely c = 5x 105 cm/sec, b= 2.86 x10-§m

(15)

i ' -4.
and 40 = 'Gb2/2 =1.1x10 4er'gs/cm where G is the shear modulus of elasticity,
we observe that for a stress as low as 'TJ= 108dynes/cm2)' a dislocation will

reach 0.9c in about 2 x IO-Hsec. Furthermore the shear strain at this time is

_ 22107 y
¥~ g obudx =1y xi0

© (16)
assuming a density of dislocations of e= 108per cm2. Approximately the same
answer is given by more sophisticated analyses on the dynamic behavior of a
Frank-Read source.16 At present there is no experimental equipment available
to explore this accelerative period over such short intervals of time. Further-
more,engineering interest usually centers about the much longer times of 10.8
sec. or greater and much higher plastic ‘strains than about 10_4. Consequently,
for most types of plastic Wave problems,: it is appropriate to neglect the
accelerative period. For this reason the constitutive equations to be used in
plastic wave propagation problems need not contain the rates of change of

strain rates as would be necessary when the analysis must account for the

acceleration of the dislocations.
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All mechanisms of dislocation motion involve the absorption of"énérgy.
Therefore as a shock passes through material the stress level at the front
of the shock is continually reduced by plastic deformation at the wave front
until the stress decreases to such a low value that finally only elastic
straining results at the shock front. Three classes of cases deserve
consideration as shown in Table II.

Both Class I and Class II phenomenon give flow stresses that depend
on the strain rate; the Liebfried equation for the interaction of phonons with
dislocations, however, gives only small changes in stress with strain rate.
The effect of strain rate on the flow stress can be great for several of the
Class II phenomenon. This is easily veri‘fied in terms of the discussion in
the ‘text of this report on the Peierls process. For both Class I and Class II
processes, howeve_r, the constitutivenequations must be formulated in terms
of the stress and strain rate as well as the strain. And under these conditions
the plastic wave problem should be solved by means of the techniques suggested
by Malvern. 17 Under dynamic conditions however, as previously discussed,
the diffusion countrolled processes do not have time enough to take place and
Will be superceded by other mechanisms.

If over the entire low temperature range only the athermal processes
of Class III are operative, the deformation stress will depend only on the
strain, Suzuki locking was the example given in the text. In this event the
plastic wavé propagation theory can be most readily approached by the von

Karman and Taylor18 types of theory.
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TABLE II

DISLOCATION MECHANISMS

Class Name | Example - Characteristics
I Athermal but (2) Phounon inter- »  |1peChH bL’
: velocity sensitive actions with dislo- = —
cations. 3 /{ZT
II Thermally activated (a) Peierls . “;’%
| ' yoc @ AT

(activation energies
less than 50 kT)

I1I Athermal

(activation energies
greater than 50 kT)

(b) Intersection
(c) Cross-slip
u depends on /T,

and structure and

(d) Motion jogged
screws
(e) Climb of edges only mildly on T
(f) Viscous solute
atom drag

(a) Long-range stress

(b) Recombination
~ stresses /Y/G - f(zg\)

(c) Short-range order

(d) Long-range order

(e) Suzuki locking
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