
















































































































































































-53-

TABLE III {CONT,)

Stress
. = Increment
Specimen Lfest e R
Specimen Purity Temperature : v &
T FICRN Pt : 2 . T
No, (per cent) L&) {ib/in.”) f{cm/sec) {cm )
£
38 99, 9959 T 8,0 6,90 1.74 2 10
4
75 5 0 G.88 1.88 = 10
-3 $3, 1 7,09 3,44 x 107
-93 I 8,27 L. 63 =18~
39 99+ 999 75 14,5 B=7T 1,50 x 10~
A
75 10,8 3.78 5.4 x10°
4
-93 4,4 0.48 3. 08 3 18



a uniform manner; and 3) edge dislocations and screw dislocations
might move with different velocitiecs when subjected to the same
applied stress. IEach of these possibilities will be considered.

The observed good agreement between the férm of the experi-

5

mental strain vs. time curve and the behavior predicted by tae

assumed dislocation mechanrism suggests that the first possibility is

not a significant factor during the early stages of plastic strain. I

1 2

there were major obstructions to dislocztion motion, such agreement
would not be expected. (The obstructions may well be the cause of the
deviations from the predicted behavior that occur later in the defor-
mation process, however.) Any otstacies which have the effect of
halting lengths of moving dislocations that are proportional to the toial
area of slip plane swept out would cause a reduction in the observed
value of k but would not affect the value of v.

The possibility that the dislocations may meove in jerks rather
than uniformly cannot be eliminated. The method by which v is
deduced will not distinguish between these two possibilities. The
methods used by Johnsion and Gilman {1) to measure the velocities
of individual dislocations in lithium {luoride are also unable to make
this distinction. Thus, insofar as uniformity of dislocation motion is
concerned, the values obtained for v in this investigation are compax-
able to the values obtained for the velocities of individual dislocziicas
by means of the methods of Johnston and Gilman {1). XEach of the
individual dislocation velocity values reported by Johnsion and Gilman

is the average of 40 to 100 measurements, and there is often



considerable scatter of these measurements,
There is good reason to suspect that edge dislocations and

screw dislocations in zinc do not move with the same velocity. Iidge

U

dislocations in lithium fluoride move about 50 times faster than screw -
dislocations for the same applied stress (1). Similarly, it has been
inferred from the shapes of dislocation loops in silicon-iron tha
edge components move much faster than the screw components (20),

Thié possibility may be taken into account in the present investigaticn

in the following manner. Consider an idealized dislocation loop in the

slip plane which expands a small amount in time dt, as shown:
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where
{,S = length of screw dislocation
Le = length of edge dislocation
L velocity of screw dislocation
= velocity of edge dislocation.

The increase in length of the screw dislocations is

ds = 4v dt
s e

and of the edge dislocations,



Thus

Now, after any given loop has expanded to a size much larger than its
size at birth, the ratio of total length of screw component to total length
of edge component must be the same as the above ratio of increments
of length., Therefore,

Ps

Pe

s (9)
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where Py is the density of moving screw dislocations and Pe is the
density of moving edge dislocations.

The average dislocation velocity is then

Ps\[Vs
" L4 2. 8
wtt P TPV PeilVe 2
v - = v = =V 2 (10)
p +PS ps e f+1 e
- ] d
Pe

and the total density of moving dislocations is

%

p = p, tpg=({ftp, . (11)
The symbols with the asterisk signify that account has been taken of the
fact that Ve and v, may be different, and distinguish the values thus
corrected from the corresponding uncorrected values.
Since a distinction is now being made between edge dislocations
and screw dislocations, the method employed to obtain the values of v

and - in Table III must be re-examined. These values were obtained



from Egs. 7 and 8, and the quantity &; in these equations was
determined by means of etch-pip counts. The observed increase in
density of etch-pips actually corresponds to the increase in density
of the edge components oif the active dislocations, Ape. This {¢llows
from the relation which exists between the crystallographic plane on
which the etch-pip observations were made and the Burgers vector of
the active slip system. The relation between Ap* and Ape can be

obtained from Eq. .11. Thus,

o]
1
—
h
i
—
>
(@)
°
—
pond
N
—~

2

Replacing &p in Eqs. 6, 7, and 8 by Ap from Eg. 12,

% bEAp j
B o B e (13)
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Therefore, in order to allow for the difference in velocities between

edge dislocations and screw dislocations, the values of v and Ps in

Table III must be multiplied by } and (f+l), respectively. Since the

1
T,
ratio of edge dislocation velocity to screw dislocation velocity in zinc

is not known, this correction cannot be made at the present time.

Substituting Eq. 10 into Eq. 14,
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Thus, under the assumptions employed in this analysis, the values of
v in Table III are just twice the corresponding edge dislocation
velocities, regardless of the velocities of the screw dislocations.

The etch-pips observed on the crystal surface may represent mixed
dislocations as well as pure edge dislocations, however. Therefore
the observed vélue of [Ap] probably includes dislocations with
signiﬁcant screw components. Thus [Ap]is likely to be an over-
estimate of the increase in the density of edge dislocations. ZFor this
reason the values of v given in Table III are probably less than ZVe and
may be reasonably close to the true average dislocation velocity.

The above analysis represents a somewhat simplified picture
of the 'situation. Nevertheless, it can be taken as a rough indication
of the effect of differing edge and screw dislocation velocities on the
values obtained for v.

The numerical values obtained for v range from 0.4 cm/sec to
about 9 cm/sec. The greatest distance traveled during a test by dis-
locations moving with these velocities would be of the order of 1 mm,
which, on the scale of the photographs of Fig. 15, would be about 4 in.
The averaige distance traveled would of course be much less than 1 mm
because of the exponential nature of the increase in dislocation density,
The general features of the etch-pip photomicrographs of the deformed

specimens indicate that 1 mm is a reasonable order of magnitude for
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the greatest distances traveled.

There is some variation in the values obtained for the initial
density of moving dislocations, Py given in Table III. For the tests
at 75°F Po is of the order of 103 cm-z in the nitrogen doped specimen
and in the specimen of 99.99 per cent purity. The value of p_ is of
the order of 104 crn_2 in the specimens of 99.999 per cent purity.
These figures are consistent with the idea that many of the dislocations
"are pinned by impurities in the crystal and that in the specimens of
99.999 per cent purity there are fewer impurity atoms available and
therefore more unpinned dislocations. The fact that fe represents
only about one per cent of the dislocations observed in an annealed
crystal seems reasonable when compared with the results for lithium
fluoride. Johnston and Gilman (1) reported that most of the dislocations
present in an annealed lithium fluoride crystal did not move when a
stress sufficient to move fresh dislocations was applied to f:he crystal,
Various pinning effects involving fresh dislocations were also observed
in lithium fluoride. The scatter of the Po values in the low temperature
tests is much greater than in the 75°F tests; B is often considerably
larger at low temperatures than at 75°F. This fact is attributed largely
to thermal stresses and the effects of the strain gages. Probably, in
cases where Po is unusually large, thermal stresses produced during
cooling of the specimen have caused the unpinning of a significant
number of dislocations or in the nucleation of a significant number of

fresh dislocations.
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Quantitative Comparisons Between Zinc, Lithium Fluoride, and

Silicon-Iron

Data are not available for zinc with which the results of this
investigation can be compared. The dislocation velocities obtained
lie approximately in the center of the much wider range of velocities
reported for lithium fluoride (‘10_7 cm/sec to lO5 cm/sec), and they
are somewhat higher than the highest velocities obtained in silicon-
iron (10-7 cm/sec to 10"2 cm/sec), The dislocation velocities reported
in lithium fluoride (1) were plotted against the amount of the applied
shear stress in excess of the yield stress of the crystal in order to
compare the observed dependence of dislocation velocity upon stress
in zinc with that in lithium fluoride. The velocity of edge dislocations
in lithium fluoride, in the range from J.O_l cm/sec to 10 cm/sec, was
found to increase approximately with the 4th power of 'r—"ry. The
velocity of screw dislocations increases with the 5th power. The
average dislocation velocity in zinc increases with the 2, 5th power
of 'r-'ry. Thus the stress dependence in zinc is somewhat weaker than
in lithium fluoride. Since, at low velocities, the stress dependence

in lithium fluoride is weaker than in silicon-iron, it is assumed that

the stress dependence in zinc is weaker than that in silicon-iron as well,

Plastic Resistance

The results of this investigation indicate that dislocations in
zinc move with a constant velocity when subjected to a constant applied
stress. Further, the dislocation velocities are much less than the
velocity of propagation of elastic shear waves., Therefore it must be

assumed that the dislocations are subjected to a retarding force, or,
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as Gilman terms it, a "'plastic resistance'', as they move through the
crystal lattice. The origin of this retarding force and the means by
which it produces the observed stress vs. velocity relation is not
understood. However, given that such a force exists, certain proper-
ties can be ascribed to it on the basis of the observed experimental
results, namely: {1) Below a certain level of applied stress, correspond-
ing to the yield stress of the crystal, the plastic resistance is sufficient
to prevent the dislocations from moving at all. (2) The plastic resistance
is strongly affected by both the impurity content of the zinc and by
temperature. (3) When the minimum stress required to cause yielding
is exceeded, the plastic resistance acts as a constant drag force on

the moving dislocations, causing them to move with an average velocity
which depends only upon the magnitude of the applied stress in excess

of the level needed to initiate yielding. These are the same properties
which Gilman has attributed to the plastic resistance in lithium fluoride
and silicon-iron.,

The introduction of a new concept, such as '"'plastic resistance'',
always raises many new questions, and in the present case very few of
these questions can as yet be answered. However, it appears that such
a concept provides the only reasonable explanation for the observed
results. The observed temperature dependence of the plastic strain
rate would be difficult to explain on the basis of any dislocation pinning
mechanism because all of the proposed mechanisms involve the

assumption of a thermally activated release or generation of dislocations,
1

|
so that the strain rate would be expected to vary with exp {— ———T—'[ .

—
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Considered in terms of its dependence on 'r-'r_y (clearly an important
factor no matter how the results are interpreted), the strain rate is
not affected at all by temperature. The yield stress itself increases

by only about 50 per cent while the temperature is reduced by a factor

of 3.
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V. SUMMARY AND CONCLUSIONS

All of the specimens studied in this investigation were found to
vield in a relatively smooth and continuous manner when subjected to
a rapidly applied constant stress pulse. An abrupt change in strain
rate that might be interpreted as a delay time for the initiation of
macroscopic yielding was not found.

A dislocation mechanism has been proposed to relate the
observed macroscopic plastic strain vs. time behavior of zinc to the
motion of the individual dislocations in the crystal. This mechanism
is based upon the assumptions that there is an initial density of weakly
pinned dislocations in the annealed crystal which are free to move
under the action of an applied stress greater than the yield stress of
the crystal; that the average velocity of the moving dislocations depends
only upon the magnitudes of the applied stress and the temperature; and
that the dislocation density increases in proportion to the area swept
out by the moving dislocations. The theory of the proposed dislocation
mechanism contains three unknown quantities:

l. the density of weakly pinned dislocations that move

immediately upon stress application,

2., the average dislocation velocity,

3. the proportionality constant between the increase in

density of moving dislocations and the amount of plastic
strain,

The experimental measurements of plastic strain vs. time

provide the following results:
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The exponential form of the experimental plastic strain

vs. time curves agree with the form predicted from the
proposed dislocation mechanism.

Each experimental plastic strain vs. time relation

provides two quantitative relationships between the three
unknown quantities that appear in the theory. A third
quantitative relationship between the three theoretical
quantities is obtained from measurements of dislocation
densities by means of etch-pip techniques, Thus quanti-
tative values for each of the three theoretical quantities
may be obtained from the experimental measurements.

The numerical values thus obtained are of reasonable
orders of magnitude and, when taken as a whole, provide
an internally consistent basis for the interpretation of all
of the various phenomena observed. Values for the average
dislocation velocity range from 0.4 to 9 cmn/sec. These
""average'' values tend to approach a value that is twice the
velocity of edge dislocations in zinc for the idealized case
in which the dislocation loops are cbmposed of pure edge
and pure screw dislocations., The initial density of unpinned
dislocations (those which move immediately upon the appli-
cation of stress) was found to be of the order of ].04t crn_z in
the specimens of highest purity. The dislocation density in

specimens of lower purity was T
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3. When the average dislocation velocity for each test is
plotted against the incremenf, in the applied shear stress
above the static yield stress, 'r—'ry, the points for all
tests fall along a single line. This result implies that
the average dislocation velocity depends only upon the
quantity 'r—'ry, regardless of the impurity content of the
zinc or the temperature at which the test is performed.
Thus '1’-'rY is a parameter of considerable importance in
the determination of the yield behavior of zinc.

4. The yield stress of zinc, Ty’ is strongly dependent upon

both purity and temperature.

5., In the stress range studied, the average dislocation velocity

increases with the 2.5 power of the stress increment,
'r—'ry.

The above interpretation is in éomplete agreement with the
original assumptions of the proposed mechanism and it yields reasonable
and internally consistent numerical results. The stress dependence of
the average dislocation velocity obtained under this interpretation agrees
qualitatively in every respect with the observed behavior of individual
dislocations in lithium fluoride and silicon-iron (the only materials in
which such measurements have been made)._ On the basis of these
observations, it is concluded that the concept of a lattice resistance to
dislocation motion or a ''plastic resistance', can be applied to the yield
behavior of zinc as well as to lithium fluoride and silicon-iron, and that
in fact this appears to be the only consistent interpretation of the

observed results.
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