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TABLE III 

Expe rimental Values ofv and for k 57 -1 
P = em 

° 
Stress 

Specime n Test 
Increment 

Specimen Purity Tempe l-atur e T-T v Po 
,._ ;-y 2 ) - ? 

No. (per cent) (0-,-" (em/sec) (ern -, 
.;:! I tl.b lr.l o ! 

28 99 .99 7"-. J 15.2 8.60 0.53 x 
'< 

10-' 
'< 

+ nitrogen 75 5.9 0.91 3.80 :.-: 10-' 

75 5 .2 0.38 0.75 x 103 

- 93 11. 7 7.<00 0 . 47 x "' f)3 Lv 

- 93 3.9 0.69 6 00 x 10..) 

- 292 16.0 4.98 31. 0 x 103 

-292 7.3 1. 74 7.6 x 103 

- , 

30 99.99 75 ' 7 ( 
.t. .; G 0 8.07 5 .26 x 10..) 

75 13.7 5. 71 0.60 x 10.) 
'> 

75 12. 4 4.75 x 10..) 

75 8.9 2. 0<1: 2.06 x 103 

75 8 '-'. L 72 10 x 
'> ' .:..U 

75 5 Li 0,39 1. 07 x 1,,3 . 
75 1 ::>. 0.40 1 69 x "' r- 3 

.:.u 

- 93 14.6 4.30 4 .9 x ' ,,3 
-'-U 

-93 7.3 0.82 29. 1 x 103 
-'-

-:> 

- 93 5.8 0.42 A r 

-'" ::> X lO...) 

-292 12.0 6 0 94 14. ., 
x 1·J 3 .L 

-:> 

-292 6.9 0.60 2g 1 x 1C-J 

36 99 . 999 75 l3.2 5.25 9 -:> • J :...:. 2.0"':: 

37 99.999 75 14.9 8.93 3.8 x 10'''' 
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TA BL E III (CONT. ) 

S tres s 

T est 
Increnlent 

Specimen 
Specimen Purity Tem-oe ::atu re T -'1y v Po 

N.o. (p e r cent) ro,. ~, \, ;" /' 2) ( /) (-2) __ \ _ I..i.D lnoc'm sec ,ern 
--------~~------~--~---~----~~--~~~--~--~------

38 99.999 

39 99.999 

75 

75 

- 93 

-9 3 

75 

75 

-93 

6.90 

5.0 0.88 

2.7 0.27 

1-1 .5 

10. 8 

4.4 

<'-
1.74 xl O~ 

~­
L83xlO~ 

;< 

3. OS ): 10'" 
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a uniform manner; and 3) edge dislocations and screw d i slocations 

might move with different velociti-:::s when subjected to t r .. e same 

applied stress. Each of thcse possibilities will be considel'cd. 

The observed good agreement between the iOl'm of the expe::i-

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

as s umed dislocation mechanism sugge sts that the fi r s t poss i b ility 1S 

not a significant factor during th8 ea rly stages of pl .:::s tic str2.in. If 

there were major obstructions to dis location motion~ such agre ement 

would not be expected. (The obstruc ti ons m,ay well be the c aus e of the 

deviations from the predicted behavio r that occur l&.te r in the d8£01'-

mation process, however.) Any o tstacles which have the effect of 

halting lengths ofcnoving dislocatior.s th&.'~ &.:.: e proporL,onal to the total 

area of slip plane swept out woul d cause a r .:::duction in the observed 

value of k but would not a ffe ct the value of v. 
The pos sibility that , the dislocations may move in jerks rathel' 

h 'f 1 b l' . T ~ ' 1 1 1 1 " -t an uru orm y cannot e e 1mlnated . he mer!1oQ oy whlcn v I S 

de duced will not distinguish between thes e two pos sibiliti es 0 Tn::: 

rne thods used by Johnston and Gilm,an {I} to lneasure the veloci ties 

of individual d islocations in lithium iluoride are also unable to n'lake 

this distinction. Thus$ insofar as uniformity of disloc ation motion is 

concerned, the values obtained for -;; in this i nve stigati on are co"cnpa :::-

able to the values obtained for t he velociti es of i n div idual dislo c&.t io ~~-, s 

by lY.eans of the methods of Johnston and Gilman {l). Each of t h e: 

ind ividual dislocation velocity values Tcpo:.: ted by Johns to n z..nd Gilr:J.a:i1 

is the average of 40 to 100 measurements, and there is ofter. 
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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. Edge 

dislocations in lithium fluoride nJ.ove about 50 tirnes faster than screw· 

dislocations for the same applied stress (1). Similarly, it has been 

inferred from the shapes of dislocation loops in silicon-iron t:-J.at the 

edge components move much faster than the screw corr ... ponents (20). 

This possibility may be taken into account in the present investigation 

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

slip plane which expands a small amount in time dt, as shown: 

where 

ts 

t e 

v 
s 

v 
e 

,~, 

tl\ 

v dt 
s 

= length 

= length 

of 

of 

= velocity 

-- ---; 

....:t 
2 s 

i 
->1 

screw dislocation 

edge dislocation 

of s crew dislocation 

I -, 
I 
i<_ v dt 
~ e 

= velocity of edge dislocation. 

The increase ln length of the s crew dislocations is 

d.t = 4v dt 
s e 

and of the edge dislocations, 



Thus 

-56-

d-t = 4v dt e s 

d-t s 
cr:r-e 

v 
e 

v 
s 

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, 

v 
e 

v 
s 

= f, 

where p is the density of moving screw dislocations and p is the 
s e 

density of moving edge dislocations. 

-* v = 

The average dislocation velocity is then 

P v + p v 
e e s s 

Pe+Ps 
= v 

e = (f;l ) v 
e 

and the total density of moving dislocations is 

p 
,!< 

= p + P =(f+ 1) p • 
e s e 

(9) 

(10) 

(11 ) 

The symbols with the asterisk signify that account has been taken of the 

fact that v and v may be different, and distinguish 
e s 

the value s 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 p in Table III must be re-examined. These values were obtained o 
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from Eqs. 7 and 8, and the quanti ty .6.p in the se equations was 

determined by means of etch-pip CO'-lnts. The observed increas e In 

density of etch-pips actually corresponds to t he increase in density 

of the edge components oi the ac tive disloc at ions, .6.Pc · 

from the relation which exist s b e tween the crystallographic plane on 

which the etch-pip observations we re made and the Burgers vector of 

the active slip system. 
~:c 

The relation between .6.p 

obtained from Eq. n. Thus~ 

.' . . ,-
.6..p ::: (£+1).6..0 . 

'e 

~!c 

and .6..('. can b, e • r-e 

Replacing .6..p in Eqs. 6, 7 ~ and 8 by .6..p from Eqo 12~ 

,'c b [.6..p J 
k' ::: (Hl) e 

[yJ 

_~:c 

(f~l ) ,.. y -" i v , kv ' 
v = _-_, _ -__ J 

b [.6..p ] 
e 

.'- [.6.. 0 j [ p bv l .,. 
(f+l) 

, e 0 ~ 

Po 
::: 

[y ] [kv] 

Therefore, in order to allow for the difference in velocities b etween 

edge dislocations and Screw disloc ations, the values of v and p in 
o 

(12) 

(13 ) 

(14) 

( IS) 

Table III must be multipli ed by r f~l) and (HI), respectively. Since the 

ratio of edge di slocation 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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1 [Y][kv] 
ve = 2" b [bop ] 

e 

(16 ) 

Thus i under the assurrlptions errlployed 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 rrlay represent mixed 

dislocations as well as pure edge dislocations, however. There fore 

the observed value of [bop] probably includes dislocations with 

significant screw cOrrlponents. Thus [bop] is likely to be an over -

estirrlate of the increase in the density of edge dislocations. For t his 

reason the values of v given in Table III are probably les s than 2ve and 

rrlay be reasonably close to the true average dislocation velocity. 

The above analysis represents a sOrrlewhat sirrlplified 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 nUrrlerical values obtained for v range frorrl O~ 4 crn/ sec to 

about 9 crrl/sec. The greatest distance traveled during a test b y dis-

locations rrloving with these velocities would be of the order of 1 rrlm, 

which i on the scale of the photographs of Fig. lSi would be about 4 in. 

The average distance traveled would of course be much l es s than 1 mm 

because of the exponential nature of the increase in dislocation densi ·cy. 

The gene ral features of the etch-pip photorrlicrographs of the d ero :;: ;-n.:::d. 

specirrlens indicate that 1 rrlm is a reasonable order of rrlagnitude for 
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the greatest distances traveled. 

There is SOlUe variation in the values obtained for the initial 

density of lUoving dislocations. p • given in Table III. For the tests 
o 

at 75 0 F p is of the order of 103 ClU-
2 

in the nitrogen doped specilUen 
o 

and in the specilUen of 99.99 per cent purity. The value of p is of 
o 

the order of 10
4 

ClU-
Z 

in the specilUens of 99.999 per cent purity. 

These figures are consistent with the idea that lUany of the dislocations 

are pinned by ilUpurities in the crystal and that in the specimens of 

99.999 per cent purity there are fewer ilUpurity atolUs available and 

therefore lUore unpinned dislocations. The fact that p represents 
o 

only about one per cent of the dislocations observed in an annealed 

crystal seelUS reasonable when cOlUpared with the results for lithiulU 

fluoride. Johnston and GillUan (I) reported that lUost of the dislocations 

present in an annealed lithiulU fluoride crystal did not move when a 

stress sufficient to move fresh dislocations was applied to the crystal. 

Various pinning effects involving fresh dislocations were also observed 

in lithiulU fluoride. The scatter of the p values in the low tem.pe rature 
o 

tests is m.uch greater than in the 75
0

F tests; p is often considerably 
o 

o 
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 p is unusually large, thermal stresses produced during 
o 

cooling of the specimen have caused the unpinning of a significant 

nUlUber of dislocations or in the nucleation of a significant nUlUber of 

fresh dislocations. 
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Quantitative Compari sons Between Zinc, Lithium Fluo.ride, and 

Silicon-Iron 

Data are not available for Zlnc 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 10
5 

em/sec), and they 

are somewhat higher than the highest velocities obtained in silicon-

( -7 -2 
iron 10 cm/sec to 10 em/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 10-1 cm/ sec to 10 cm/ sec, was 

found to increase approximately with the 4th power of f-f. The 
y 

velocity of screw dislocations increases with the 5th power • . The 

average dislocation velocity in zinc increases with the 2. 5th power 

of f-f • Thus the stress dependence in zinc is somewhat weaker than 
y 

in lithium fluoride. Since, at low velocities, the stress dependence 

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

the stres s 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 subj ected to a constant applied 

stress. Further, the dislocation velocities _ are much les s 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 te rms it, a 11 plastic re sis tance ", 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 ll 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 re sis tance 

is strongly affected by both the im.purity content of the zinc and by 

temperature. (3) When the minimum stress required to cause yielding 

is exceeded. the plastic resis~ance 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 Ilplastic resistance ll
> 

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 becaus e all of the proposed mechanisms involve the 

assumption of a thermally activated release or generation of dislocations, 

so that the strain rate would be expected to vary with exp [- ~] • 
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Considered in terms of its dependence on or-or (clearly an important 
y 

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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VI. SUMMARY AND CONCL USIONS 

All of the specimens studied in this investigation were found to 

yield 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: 

1. 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 re sults: 
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1. The exponential form of the experimental plastic strain 

vs. time curves agree with the form predicted from the 

proposed dislocation mechanism. 

2. 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 cm/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 composed of ~Jure 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 104 crn- 2 in 

the specimens of highest purity. The dislocation density in 

3 -2 specimens of lower purity was "" 10 cm 
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3. When the average dislocation velocity for each test is 

plotted against the increment in the applied shear stress 

above the static yield stress, '1"-1" y' the points for a ll 

tests fall along a single line. This result implies that 

the average dislocation velocity depends only upon t h e 

quantity 1"-1" , regardles s of the impurity content of the 
y 

zinc or the temperature at which the test is p e rformed. 

Thus 1"-'1" is a parameter of considerable imp ortance in y . 

the determination of the yield behavior of zinc. 

4. The yield stress of zinc, 1" , is strongly dependent u pon 
y 

both purity and temperature. 

5. In the stress range studied, the average disloc a tion velocity 

increases with the 2.5 power of the stress incre ment, 

1"-'1" • 
Y 

The above interpretation is in cornplete agreement with the 

original assurnptions of the proposed rnechanisrn and it yields reasonable 

and internally consistent nurnerical 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 lithiurn fluoride and silicon-iron (the only rnate ri a ls ln 

which suchrneasurernents have been rnade). On the basis of these 

observations, it is concluded that the concept of a lattice resistance to 

dislocation rnotion or a "plastic resistance ll
, 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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