

































































































































































































































































TABLE III

Dislocation Density Changes Produced by Plastic Strain

Purity Change in Dislocation Final Strain

Sﬁeciman per cent Density, cm~2 in,/in.
Basal
16-1T2 99.999 4 0.8 x 105 3.6 x 10~%
22-1T2 0,.0025A1 1.0 0.2 x 10° 1 x 10=2
16-14T3 99.999 2.6 0.3 x 106 6.3 x 1072
Nonbasal
-4

26-6T1  99.999 3 *1 x 10% 9.0 x 10
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Pulse Tests

A. Basal Slip System

Several test specimens of 99.999 per cent and zone
refined purities were pulse loaded %o determine basal
dislocation mobility, The specimens were etched prior
to testing to reveal the initiQI dislocation arrangement,
Pulsefload durations from 45 sec to 1 min were applied
-in the Instron static test system. The results on a
zone refined specimen loaded to 9.9 lb/in.2 resolved
shear stress for 1 min are sﬁpwn in Fig. 34%. The scratch
‘was made with a diamond phonograph stylus under 1.25 gm
of contact force prior to etching and testing to intro=
duce fresh dislocations, The dark spots are caused by
bubbles in the replicas. As seen in Fig. 34, disloca-
tions appe#r to have moved away from the scratched
region and from the sub-boundary. A general increase
in background dislocation density is seen as well as a
number of long pile-ups of dislocations parallel to
basal slip plane traces., These pile-ups are not asso=
ciated with the deformation introduced by scratching.
Several pile-ups were found to extend entirely across
the prism surface of the test specimen. Mobility data
could not be obtained from this test as dislocations

moved too far to establish the location of the sources.
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Fig. 3% Basal Dislﬁuatiuns before and after a Pulse of

9.9 1b/in,2, Specimen 17-3T3, Zone Refined
Purdty, 1 Hin Pulse Duration, 100X,
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Puise tests on 99.999 per cent purity specimens were
made at stresses of 7.7, 12,0, 15.4% and 20,3 1b/in.2
for btime durations of 45 sec, The test at 7.7 1b/in.2,
which is lower than the initial flow stress for 99.999
per cent purity material, indicated some local rearrange-
ment of dislocations but no increase in dislocation
density or formation of pile-~ups. At progressively
higher stresses, greater increases in dislocation den=
sity and numbers of pile-ups were observed, Mobility
data was not obtained from the pulse tests on 99.999
per cent purity material because dislocation sources
could not be esfablished and because pile-~ups were
observed to extend across the entire specimen surface
in all tests except the test at 7.7 1b/in.%. 1In other
words, the distance moved by an individual dislocation
during the time duration of the applied stress could
not be determined.

Pulse tests on specimens of 99,999 per cenf and
zone refined purities oriented for basal slip were con-
ducted in the rapid load testing system. The specimens
were scoratched and etched beforoe testing and re-etched
within about three minutes after the pulse test., Tests
were perfor&ed at resolved shear stresses from 7 to 19
1b/in.? and for times of 17, 3% or 51 x 10~> sec. The

same general result was found in these tests as in the
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pulse tests conducted in the Instron system. yDislocation
sources within the specimen or at the surfaces where the
load was applied appeared to operate and cause disloca~
tion pile~ups at the same stress levels that influencéd
the fresh dislocations produced by scratching or by
thermal strain damage. This, in effect, prevented any
one-to~-one correspondence of before and after dislocation
positions from being made., Long, extended pile-ups along

basal slip plane traces were observed within the shear

- f
H
§ 0

stress range of 7 to 19 lb/in;z.} Figure 35 shows the
same region on a zone refined specimen before and after

a pulse test of 15,5 lb/in.2 for 17 x 10"3 sec, Pile=
ups of dislocations against dislocation substructure

can be seen, The longest pile~up found on either prism
face is shown in Fig. 35 and is»indicated‘by an arrbw.
The total length of this one pile~up was 0.78 cm with

one end extending to the edge of the specimen ocorres-
ponding to the surface of load application, By assuming
that the dislocation source was located at the load
surface and that the leading dislocation in the pile-

up traversed the entire distance, a maximum dislocation
velocity of 45,8 cm/sec was calculated for a shear stress
of 15.5 1b/in.2, A minimum velocity of 22.9 cm/sec
wonld be obtained by assuming that the dislocation source

was located at the center of the pile-up, In several



Fig. 35 Basal Dis'l.u::-gﬂtiona before and alfter a Pulse of
15,5 1B/in. ">, Specimen 17=4T1, Zone Refined
Purity. 17 x 10~3 Sec Pulse Duration, 100X.
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tests, dislocation pile~ups were observed on both (1070)
surfaces of the teét specimen that appeared to be asso-
ciated with the same basal slip plane.

The results of a series of tests on 99,999 per cent
purity specimens are shown in Fig. 36.5’Log velocity has
been plotted against log resolved shear stress. Points
labelled with a caret { A ) are measurements on pile-up
lengths that extended across the entire specimen face
and hence are to be regarded as lower limits for the
velocitylgt the corresponding stress level. The points
in TFig. Bé.without a caret represent pile-up lengths
that extended from a load surface into the specimen,

Each ﬁoint represents the maximum velocity calculated
for a given test and hence involves the maximum length
of all the observed dislocation pile~ups,

Figure §5 shows a éonsiderable scatter in the
experimental data. A straight_line has been drawn through
the points representing the maximum observed wvelocity for
a given sitress level. The straight line indicates that
the data can be represented by an emperical relation of

the form

/" (7
V‘(n)

where
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7° = applied shear stress

Nn=>73

To = the shear stress whiéﬁ—préduees a velocity
of 1 om/sec and is 5 1b/in.Z%,

Several sources of error existed that may explain the
| scatter observed, One of the uncertainties was the
location of the source of the dislocation pile~up and
another was introduced in the process of measuring the
pile~up lengths because the location of the end point
of a pile~up was not always clear.

The data plotbted in Tig. 36 is shown plotbted as
log velocity against 77~ 7‘; in Fig. 3? A value of
6 1b/in.2 was taken for 7; which is the lowest stress
at which any dislécation motion was observed, A straight
line has been drawn through the maximum velocity points
which represents a funotion.of the form

T

s
U= Ce ®
where
(: = constant

B = 1.15 1b/in.2,

B. Nonbasal Slip System
Pulse load tests were conducted in the rapid load
testing system on several 99.999 per cent purity speoci-

mens oriented for nonbasal slip to determine the
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mobility of nonbasal dislocations in the [1-2'1“3'_] (1212)
slip system., A uniaxial stress parallel to the c-axis
of the test specimens ranging from 390 to 2010 lb/in.2
was applied for times ranging from 51 x 10"3 to 33 sec,
The specimens were etched before and re~etched within
three minutes after testing to establish any changes

in background dislocation density as well as changes in
regions where the specimey had been scratched to produce
fresh dislocations., No significant generation of disw
locations occurred near scratcheé in any of the tests
conducted, Deformation bands occurred at compressive
stresses in excess of 790 lb/in.2 whereas none were
found between 390 and 690 lb/in.2 in load durations from
6.2 to 33 sec, TFigure 38 is a photograph of the slip
bands produced at a compressive stress of 970 lb/in.2

or 405 1b/in.” resolved in the [1'2‘1“3‘] (1Z12) system.
The load duration was 31.% sec, The slip bands seen
in Fig. 38 are oriented along traces of the {1?12} siip
planes on the prism surface of the test specimen. No
significant increase in background density was noted,
other than the formation of slip bands containinglhigh
densities of dislocations,
The mobility of nonbasal dislocations was calculated

from the longest length of new slip band produced at a

given stress by assuming that the dislocations with the



Compression
Axis

Fig. 38 Nombasal Slip Bands Resulting from o-Axis
Compressive Stress of 970 1b/in.“. Specimen

16m= , 99.999 Per Cent Purity. 31.4 Sec Pulse
Duration, 100X,
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maximum velocity moved one~half the total length of the
slip band during the duration of the test. This is
equivalent to assuming that the dislocation sources are
located at the center of the bands, The experimental
data is shown in Fig. 39 plotted as log velocity against
log stress rosolved in the [}513] (1212) nonbasal slip
system., The straight line drawm fhrough the points

corresponds to0 a power law relation of the form

‘ n
(T (8)
V= (7:,)

where

n=29.5

7; = the resolved shear stress which produces
a velocity of 1 cm/sec and is 790 1b/in.2.

train-Rate Sensitivity of the Flow Stress

A. Basal Slip System

The indirect method of determining the mobility
felation involves the inverse strain-rate sensitivity
of the flow stress, Two different funqtional relations
between the plastic strain rate, Jgo , and the applied
shear stress were employed in analyzing the variable
strain-rate data. The first relation assumes a power

law dependence of the form

/

ij = C ﬂr}' _ (9)
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Fig., 39 Nonbasal Dislocation Velocity vs, Resolved Shear
Stress for 99,999 Per Cent Purity Specimens,
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where { is a constant, The inverse strain-rate sensi-

tivity from Zq., 9 is given by

Eif%liﬁb | (10)

N S

n'= 2 f%’f#
AT
7~d

in terms of the strain-rate after the cQange, J?& ’
and that imposed prior +to the change, (}ﬁﬁ . AT is
the junp in stress accompanying the change and is much
less than the shear stress,?” . The values for n’
calcula?ed from the 9xperimental data are given in
Table fb for;épe;imégs of four different purities ranging
from zone re%&ned to 0,02 wt per cent aluminum,/ For
each test, the mean value for ?1’ has been lis?gd along
with the standard deviation from the mean.3 ép$ci6;n
17-2T1 showed a somewhat linear increase in 7ll with
strain ( A’ = 50 to 104) but no such variation was
found for the other tests conducted,? No significant
difference was found between the values of 71’ calcﬁ-
lated from increasing changes and decreasing changes

in strain-rate and between the wvarions purities of =zine

tested,
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TABLE IV
'Summary of Variable Strain-Rate Data

Synchro-

nous
Speed, Final
, 10-3in,/ Strain Iy Iy
Specimen Purity min per cent n=0 i =0
Basal
17=-2T1 Zone 1 1.2 50-104* 1,71+0.28
Refined
16-47T2 99.999 1 1 77+17 1.91+0.46
16-413 99,999 5 6.3 90+20 2,0440,30
22-1T1  0,0025A1 1 1.1 90425 1.5640,10
22-1T2 . 0,0025A1 1 1 136420 1,65+0,.30
19-3T2  0.02Al 1 1.2 78420 1.064+0,23
Nonbasal
25-1T1  99.999 2 800 x 10~% 720410 -
in, /in,

¥Linear function of strain.
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The second relation used in analyzing the strain-
rate sensitivity data assumes that the strain-rate is
related to the difference between the applied stress

and the flow stress at zero strain-rate, 7? , or
V4

v m
A"F = C(1T-7¢) ., - (11)

’
The exponent 1 is given as

. n dp T
m = oo (1=17) (12)

or . L /&Lé'}’z/daf
“(Z2)

where 22 is the stress immediately after the straine

rate change and 77 is the stress immediately prior to
the strain-rate change, Measurements of the load imme~
diately before the "machine on' part and after the
"machine off" part of the strain-rate cycles were used
to determine the wvalues of ‘T‘ for a given set of
strain~rate changes, TFigure bo shows schematically a
typical load~time §urVe obtained experimentally. The
load jumps resulting from increasing changes in crosse
head speed, 9"'_ are shown as J-o ’ d: and J; . The

stress difference ratios are then given as



FTig., 40 Schematic Load-Time Curve,



-T.  &,+d,
i do

and

TG-Ti  Sotd;+dz
73"77. <Sa"J)

{
The values of M calculated from the experimental data
are given in Table iV as mean values and standard devi-

ations from the mean, [No significant differences wore

: /
found in the values of J calculated for four different
purities of zinc except for the test on a specimen of

Zn-0,02A1 purity. |

—ut

B. Nonbasal Slip System

A variable strain-rate test on a c-axis specimen
was conducted at crosshead speeds in the ratio of 14%/0
and a maximum crosshead speed of -0,002 in,/min. The
strain-~rate sensitivity of the flow stiress for nonbasal
slip was found to be considerably less than that for
basal slip. The value for }1' calculated from the
experimental data is given in Table IV, The flow
stress at zero strain-~rate, 72', could not be determined
because of a large uncertvainty in the value of Ci: which

resulted from the wvery small strain—réte sensitivity,
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Influence of Impurity and Strain on Dislocation Sub-

structure

In the course of etching and examining single
crystal specimens of four different purities of zinec,
several observations were made regarding the influence
of aluminum impurity on the fype of dislocation sube-
structure and degree of impurity segregation found in
single crystals. Tigure 31 illustrates the general type
and density of substructure found in single crystals
of zone refined, 99.999 per cent and Zh-0.0025A1 PUr=
ities. The substructure is for the most part perpendli~
cular to the basal plaﬁe trace on the etched prism
surface of the specimen. Upon closer examination, the
substructure is found to consist of c¢losely spaced dis-
locations which are most likely basal dislocations of
pure edge character as shown by Brandt, Adams énderéeland
(22), Such substructure would then be characiterized as
small angle tilt boundaries. The general type of sub-
structure found in specimens 6f Zn;0.0ZAl purity differed
from that found for the other purities, TFigure hi shows
an etched prism surface where the substructure can be
seen to be oriented more or less parallel to the basal
plane trace.

Examples of macroscopic impurity segregation were

found in specimens of Zn-0,02A1 and Zn-0,0025A1 purities,



=

Tig. %1 Dislocation Substructure in Zn-0,02A1 Specimens,
Specimen 19-1, 100X.




- 0B

The segregatlon sitructure as revealed on a polished and

‘etched prism and transverse faces of a L5° compression

7

eT T CLOWH
test Specimenﬁis shown in Fig. U2, The growth direction

el

for the specimen showm in Fig. YR was almost parallel to
theAprism surface and within about 10° to the basal plane
trace, ~Impurities have segregated to form the elongated
cellular structure with the cell axes oriented along the
 growth direction, Comparison of TFigs. bi and 42 illus=-
trates the relatiaon between impurity segregation and
dislocation substructure as observed in specimens of
Zn-0,0241 purity., The dislocation substructure can be
seen to correspond to the cellular boundaries formed by
the impurity segregation,

Pigure h; showsg *the segregation substructure as
revealed on a prism face of a Zn-0,0025A1 specimen,
A cellular structure oriented along the crystal growth
direction was observed as in the case of Zn~0,02Al
specimens. ‘However, no correlation between impurity
segregation and dislocationisubstructuré was found in
the Zn~0,0025A1 erystal., TFigure hgkshows the charac-
teristic tilt boundary substructure with no apparent
relatiqp to the impurity segregation substructure,

Table‘% sumnarizes the observations made on impurity

segregation and dislocation subsiructure,
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(b) Transverse Surface of 45° Speocimen

o

Iompurity Segregation in Zn=0,02A1 Specimens.
Speclmen 19-3, 235X,
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FMig. 43 Dislocation
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TABLE V-

Summary of Effect of Purity on Substructure and
Nonbasal Dislocation Density

Nonbasal
: Impurity Dislocation
Purity Substructure Segregation Density
per cent Character into Cells cm®
Zone Perpendicular No -
Refined to basal
planes
99.999 Perpendicular No “h;zwxwiggmg“
to DLasal _ 10 x 10-°,
planes .
Zn-0,0025A1 Perpendicular Yes 89 x 103
to basal
planes
Zn-0, 0241 Parallel to Yes 210 x 1073

basal planes
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L. Several spécimens of each purity were cleaved and
etched with Rosenbaum's BEtch (20) to reveal nonbasal
dislocation intersections with the basal plane. An
example of fhe etoh pit density on a Zn-0,02A1 specimen
is éhown in Tig. bb  The results of nonbasal etch pit
counts are tabulated in Table'v. An increase in nonbasal

dlslocatlon density was observed with increasing 1mpﬁ§ity

-’ e “’):W, . on {~

,i¢,w, ﬁgﬁ

Plastlo strain,was obsé;ved to have an effeﬁt on
vthe‘density of substructure in s§ecimens which had been.
strained and annealed. Tigure 45 illustrates the tilt
boundary density in a specimen after 30 per cent basal

shear strain followed by annealing at 700°F for 4 hr,

i .
The tllt boundary density seen in Tig., B8 is about three

a 7ﬂﬁmy

s,/
oy

to four times that found in undeformed specimens of the

same purity,.

Dislocation Pile-Ups

A

An experiment was conducted to establish whether
the dislocation pile-up configurations observed on
Speqimens deformed in basal slip were truly represen-
tatife,of the deformed structure of the spéoimen before
the stress was removed. A 99,999 per cent purity speci-
~men was etched and replicated prior to the application
of a load corresponding to a resolved shear stress of

12.1f1b/in.2. The load was held constant while the
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Tig. 44 ©Nonbasal Dislocation Donsity Revealed on the
Basal Plane of a Zn-0.02A1 Purity Specimen,
Density - 2,1 x 105 em=2, 100X,
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(1070) [T270]

Fig. 45 Dislocation Substructure after 30 Per Cent Shear
Strain and Anneal, Specimen 16-3, 99.999 Per
Cent Purity, 100X, : !
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specimen was re-efched and then the load was removed,
Prism surfaces were replicated and aga;q the speocimen
was re-etched and replicated, Figure“#g shows the disw
location distribution in identical regions of the speci-
men-before application of stress, under stress and after-
the stress was removed, A large number of pile~ups
against a til% boundary can be seen but few changes in
either the number of plle~ups or their length have

occurred between the stressed and unstressed states.



{c) Unstressed

Fig. 46 Effect of Stress Unloading on Basal slocation
Pile=Ups, Shear Stress = 12.1 1b/in.~,
Specimen 18-1, 99,999 Per Cent Purity, 100X,
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VI. DISCUSSION OF RESULTS

The stress-strain behavior of zinc single crystals
has been found to be drastically different depending on
whether the crystal deforms in basal or nonbasal slip.
A low critical resolved shear stress and work~hardening
rate are characteristic of basal slip as compared to non-
basal slip which confirms the ﬁork of Stofel (23). The
differences between basal an@ nonbasal slip can be under=
stood in terms of the basiec relation givén by Ba. 3 if
the disloéation mobility relation and rate of dislocation
| multiplication with strain are known for each mode of
deformation., Etch pit observations can be used to
establish the most likely dislocation mechanisms Ir'eSe=
ponsible for the observed wvalues of flow stréss and

work~hardening rate.

Basal Slip System

A, Dislocation Orientations .

The dislocations observed affer pulse tests on
specimens oriented for basal slip are most likely close
to the edge orientation. The specimen orientation is
such that dislocations ﬁith a Burgers ?ector in the
[szd] direction will experience a force per unit length
equal to ¢ vwhere @ is a lattice parameter and P is
the applied shear stress. This force acts normal to

the dislocation line, Dislocations with Burgers vectors




~108-

at 60° to the [fZTb}will experience a force per unit
length eqﬁal to%;TzL. Etch piés were observed on the
(10T0) surfaces of the test specimens parallel to the
[iéfo]. Therefors, edge dislocations with a [Taib]
Burgers vector make a perpendiéular intersection with
etched surfaces and screw dislocations with the same
Burgers vector lie parallel to the etched surfaces,
The mobility of basal screw dislocations is of
the same order of magnitude as that of basal edge
dislocations for the same stress levels at very low
strains., This is deduced from the obser#ation that
in several pulse tests, pile-ups observed on one of
the (10?0) surfaces of the test specimen were located
on the same slip plane as pile-ups observed'on the
other (1010) surface within the 1imit of measurement
accuracy, This observation suggests that dislocation
loops expand in a slip plane with' the edge and screw
dislocation compénents of' the loop traveling aé about
the same rate, This result is different from that 
found for lithium fluoride (11) and silicon-iron (%E)
where edge dislocation velocities are much greater
than screw velocities at the same stress level,

The results of the variable strain rate tests
undoubtably involve both edge and serew dislocations

“with [iéfd} Burgers vectors, If this is taken into
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account, Eq, 3 should be written as

0";0 :/Debv'é, +/S£U§ (13)
where 'Ué and U:'s are the wvelocities of edge and screw
disiocations respectively,

The effect on strain-rate of different edge and
screw velocities at relatively large strains may be
taken into account by the following model, Assume that
an infinitesimally small square dislocation loop is

Tformed by some means and that in time f it expands to

the size shown below

‘{2“ total length of edge dislocation
jsu total length of screw dislocation.
The lengths of edge and screw dislocation formed in

time t’are _
Z‘;‘L' 42/&f
Le = 47/3f
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which gives the relation

Fs

Ve | Ve
o — e or —— T et ’
Y5 | Pe U

Eqﬁation 13 may now be written as
’ A
b= Pebre w05b( 50 %)
= 20,00 .

This result shows that the strain-rate can be related
o /Oé'lfé alonoe even if .PS#PQ‘ and 'U;- # 7}é .
Therefore the indirect method may be used to determine
the mobility relation for edge dislocations when both
edge and screw dislocations are contributing to the

strain,

B, Dislocation Multiplication and Density Changes

The results of the pulse tests indicate that basal
dislocatiohs moved long distances and, in some cases,v
out of the specimen at stress levels near the macro-

scoplc flow stress as determlned by stress~stra1n tests,

& 2

Each dislocation plle-uplshown in Tig. 35 appear _to be
on a single slip rlane, These individual pile=-ups
appear to be associated with other pile-ups on the same

slip plane, These observations imply that one very

active dislocation source was responsible for an entire
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slip line involving hundreds of individual dislocations.
Dislocation multiplication of this type would be char-
acteristic of a Frank-Read source located at the surface
or within the crystal. In almost all cases the pile-ups
-were observed to extend from a loaded surface of the
specimen which indicates that surface sources are probe
ably more‘important than volume sources, This may be
due to stress concentrations on the surface where the
load is applied. In addition, surface sources of a
given length are able to generate dislocations at half
the stress level of volume éources of the same length,
This is a result of "image forces" on a dislocation
near a free surface, |

Pigure 33 gives the results of several determinas
tions of the change in total dislocation density accom=
panying shear strain, The relation j/a = Coy‘/,g/
for zinc differs from the experimentally determined
relations ﬂp =‘5+Cj<.>5£/p for copper ‘(26) and
A/p: C ﬁ"/a ft:;r stage T defofmation of silver {27).
and lithium fluoride (11)., The relation found for zinc
is less dependent on shear sirain than the relation
reported for silver, This indicates a relatively high
probability that a glide dislocation in zine will reach
the surface and thérefore contribute to the strain but

not to the etch pit density. The mean travel distance



of glide dislocations in zinc can be of the order of
1/4 in., as determined by the pulse load tests, ﬁThis

is in agreement with a speculation made by Mott (2%)
that large numbers of basal dislocations in hexagonal
close~packed crystals might be able to leave a specimen
and thus would nét be able to influence the flow stress
by interaction with other dislocations,

The experimentally determin%d basal dislocation
density changes given in Table Ifi”are numerically
equal to the total etqh pit density counts observed on
the (1010) prism surfaces of the test specimens., As-
explained in vhe dérivat&onuoszq._B,'f;; nuﬁber of
dislocations per unit area is equal to the total length
of dislocation line per unit volume if all basal dislo=-
cations are straight and perpendicular to the area of
observation. A better approximation may be‘£hat ﬁhat
the basal dislocations are randomly oriented with respect
to the observation surface, The relation between ob-

served etch pit density and total line length of basal

dislocation per unit volume,qug is then

= 0.64 N -

from equations developed by Schoeck (29),
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€. Thermally Activated Dislocation Motion
Figure'§; shows the dislocation mobility data plotted
as log velocity against 7T- 7? where 7; was taken as
6 1b/in.? or the lowest stress at which dislocations
were observed to moge in 99,999 per cent purity crystals.

The slope from Fig. 3? gives B = 1.45 1b/in.? where B

is defined by : _
™7 /%

CTEB -?;- . (iu)

This form for the mobility relation would be ex-
pected if the rate determining mechanism was the thermal
activation for a glide dislocation to pass some obstacle
in the glide plane. Seeger, Mader and Kronmuller (;3)
and Friedel (éi) have considered this problem and beth -
believe that the flow stress for basal glide in hexagonal
close~packed crystals is determiﬁed by the stress required
to overcome the "long~range internal stresses" produced
by parallel glide dislocations and by the thermal acti-
vation of jogs as basal dislocations glide past forest
dislocations threading the glide plane, The strain-

rate resulting from thermal activation of jogs is given

by Friedel as

8}7 //%W L’(g

[AU (%ﬁ)bdf]

(15)
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where
AU = energy required to produce the jog
= applied shear stress

long-range internal shear stress

~
]

separation of extended basal dislocations
= forest spacing

= area of slip plane swept over by dislocation
after jog is formed

DoAY

) = Debye frequency.
The velocity of a dislocation is then given by

4y =7
5

b

(16)

o= y(zbjz/le “e

where

3 k7T
The forest Spacing.z for thé crystals used in this
investigation can be estimated from the etch pit density
observed on basal planes and given in Table-V; - With.a

/
forest density Qﬁyabnubilou

2

cm'zthemfenest,spactng,l?,
is 10°° em. for 99,999 per-cent~pﬁ}ity'materia%. B is
then equal to 2.5 x Z!.O"'3 lb/in.2 if CI is taken as 7&7
(55). This value of B is considerably lower than the

directly determined value of 1.45 1b/in.2. This lack

of agreoment shows that a model based on the thermal
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activation of jogs is incapable of explaining the observéd
dislocation mobility.

One reason the above model is not correct can be
seen by comparing the terms a4/ and (ﬁ-":)bd( in the
exponential term of Eq.gﬁg; For an applied shear stress
of 16 1b/in.2, (7=T;)bd{ = 1206V for the forest
spacing observed and a long-range internal stress of
about 6 1b/in.® which is the lowest stress at which
basal dislocations were observed to move long distances,
zﬂéf has been estimated by Friedel (32) to be

A (/ [Tx
" 30
A/ is then about 1eV for basal dislocations in zinoc.
This result means that the applied stress is more than |
sufficient to supply the jog energy required and thus
no assistance from the thermal ehergy of the lattice is
required,

Equation :£6 predicts that in the limit as (7=7:)bd ¥
approaches'dé/ -the velocity of a dlslocation will
approach ]/(2~) A which is approximately equal to
Vb‘z’ . TFor basal dislocations in zinc single crystals
Vbz' = 7 x 10"1" cm/sec. This velocity is much lower
than the velocities measured in the present work and
indicates that all thermally activated mechanisms which

- predict dislocation velocities of a form similar to
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Eq. 16 will not explain the present results, The ther-
mal activation of glide dislocations past impurity atoms
(4) is one such mechanism and as such can be eliminated

as a controlling factor in the present work.

D. Dislocatiog Mobility in Other.Materials

Figures ég-an&~39'showrthat the direct mobility
data for zinc méy.be approprliately represented as
V’:/%) " where 7, equals the stress to move a
dislocation at 1 cm/sec., Mobility data on other
materials has been found to fit this same form with
different values for A. and 7, . A summary of 7, and
,E for zinc as well as other materials is given in Table
'Gi. The large differences between the values of 7o

are to be expected from the differences in atomic bonding.

s

i

and crysﬁal’structure. The materials listed in Thble‘ﬁi
inolud;;i;égéﬁbégaing (1ithium fluoride and sodium
chloride), covalent bonding with diamond ocubic structure
(germanium) and metallic bonding with body-centered

cubic structure (silicon-iron and tungsten). The present
results on zinc are tﬁe first direoct mobility measure-
ments reported on a metal in the so-called "soft" group
which includes face-centered cubic and haxagonal close=-
packed metals, The conspicuous difference between

basal dislocatipns in zinc and all the other materials



~117=-

! i;/

TABLE VI

Summary of 7, and A for Various Materials

Temperature To

Material oK 1b/in.2 n

Silicon-Iron (12) 298 30,000 35
Tungsten (16) 298 45,000 4.8

Lithium Fluoride (11) 298 1,k00 25

Sodium Chloride (15) 298 210 8
Germanium (13) 693 3.5 x 106 1.5
973 24,000 1.5

Zinc

Basal 298 5 5

- Nonbasal 298  790 9.5
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listed in Table VI is the low value of T, which indi=-
cates a much lower lattice resistance to dislocation

motion,

E. Lattice Resistance to Dislocation Motion

Two possible sources of lattice resistance to dis-
location motion in an otherwise perfect lattice have
been considered theoretically., Leibfried (2) was the
first to consider the drag on a scorew dislocation moving
at a constant velocity caused by the scattering of phonons
or sound waves and Eshelby (3) has estimated the drag
caused by thermoelastic éffects. Lothe (éB) has recently
reviewed and extended the oalculgtions for both effects,
Lothe concludes that for metals the thermoelastic effect
is negligible and that Leibfried's result for the phonon
drag is'correct ahd should be about the same for a edge
as well as a screw dislocation.. The drag stress due to

phonon scatter is given by

_ LY
75"'/06(3

where
& = thermal energy density
U = dislocation velocity

C = veloclity of shear waves,

Since zinc at room temperature is above the Debye tem- '

perature (250°K)
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and

where for =zinc

b = 2.66 x 1078 cm

¢ = 2,31 x 10° cm/sec.

The phonon drag stresé on a dislocation moving at
25 cm/sec in zinc is calculated to be about 1 1b/in.2
which from the present mobility results is a factor of
10 lower than the observed stress required to move a
dislocation at this velocify. Seeger (jﬁ) has indicated
that the damping constant for an edge dislocation should
be an order of magnitude greater than that for a screw
dislocation which wouJ.d result in a drag stress of
about 10 1b/in.2vfor‘@?é;siocation moving at 25 cm/sec.
if this'conclﬁsion ié cofféct"ﬁﬂé}préseﬁf results
suggest that the drag stress should wvary as the velo-
city to the 34 power rather than the first power,
Considering the uncertainties involved in the theoreti=

cal calculations, the possibility that the entire lat-

tice resistance to moving dislocations may be due to

phonon socattering cannot be excluded.
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‘F,’ Nature of Long-Range Internal Stresses

" As mentioned above, in Section C,3§éeger. Mader
and Kronmuller (éﬁ) consider the flow stress for zine
in basal slip to be determined by the long~range internal
stresses of parallel glide dislocations and a thermally
dependent term dué.to jog formation. The athermal or
long-range stress term at room temperature has been
shown to gccount for the major portion of the flow
stress (523. A1l obstacles to dislocation motion which
invoive internal stress interactions over distances where
thermal activation cannot assist in o?ercoming the
obstacle are classed as athermal,.

The present results as shown in Tig. 29 indicate
that ohanges in orystal purity can have an appreciable‘w
effect on the flow stress Wlth 11ttloh;hange in the e
den51§y of basal dislocatlons. Thist?esultwalongawath
tho correlation of dislocation demnsity change with shear
strain shown in Fig, 33 and Table IIi for two different
npunitieﬁjsuggests that the long~range internal shear
st;esg which must be overcome for glide to occur is
ﬂét:é&é to interaction of parallel glide dislocations,

A possible source of long~range internal stress
results when glide dislocations form attractlv% and
repu131ve junctions with forest dislocations (Bi)

’\.

Saada (36) gives the conditions required for the formation
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of attractive and repulsive junctions between two dise
locations with Burgers wvectors E% and ﬁb. If t&’tﬁ
is negative, an attractive junction is formed by the
dislocation reaction

b +b ™ bs
Ir b,‘ bz is positive, the dislocations repel one
another and oconstitute a repulsive junction, If the
scalar product is zero, the reaction is neutral from an
energy viewpoint, These vector conditions are equi-
valent to a statement in terms of energy changes which
accompany a dislocation reaction, Namely, a reaction
occurs only if the energy per unit length of Z;; is

less than the sum of energies of b, and bj‘. or

Gby < Gb} +Gb; .

Saada has calculated the stress required to overcome

attractive and repulsive junctions as
T = /églz T17)

where

é) = Burgers vector (assumed to be the same

S for both dislocations)

= distance between attractive or repulsive
junctions
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/6 = 2,5 (for attractive junctions)
10 (for repulsive junctions).

/9
More detailed calculations have been made by Gale (Bi’?\)
for specific dislocation reactions in FCC and BCC struc-
tures where such junction reactions are thought to have
a 'épéét eff'ect on the flow stress.

The specific dislocation reactions in zinc which

are most likely to form attractive and repulsive juno-

tions are reactions between basal dislocations b, = a,

——
kY

and nonbasal dislocations with b2 =(G + 3/ . Reactions
between a and ¢ type dislocations are neutral because
(3 .35 = o. A‘(_O_ + = dislocation is likely because
from an energy standpoint this Burgers wvector is" the
next shortest nonbasal one after a o type dislocation
and because the (T + a,dislocation has been shown by
Price (};’8]\)' to be responsible for nonbasal slip.

Figure h;é shows the a and ¢ directions in the

hexagonal cell, Possible values of a are ‘15..1 y L an
Aand 2‘.53 which together with ¢ give a total of 12
possible (3 + a/type dislocations, The number of pOS=
sible rsactions involving a and‘f: + ;k"dislocations
is then 6 x 12 = 72, Half of these reactions form
attractive and half form repulsive junctions,

The effect of attractive and repulsive junctions

in the present investigation can be estimated. The

density of forest dislocations, as deduced from etch
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r
pit densities on basal planes, is given in Table ¥V for
the various purities of zinc, The number of these dis-
locations with(G + a)btype Burgers vectors is not known,
but for the sake of a calculation, it will be assumed
that 1/2 are dislocations with this type of Burgers

vector, iIhking the forest density to be about 10“ om™2

forﬁ;h;m§9.999 per cent purity material, the density of
T + a‘dislocations is 5 x 102 em~2 and the density of
iC + Eﬁdislocations forming atitractive Junctions is

2,5 x 103 cm“z. Therefore, the spacing between attraoc—
tive junctions as well as that between repulsive ones
will be 2 x 10”2 cm, The stress to overcome both

junctions is given by the stress to overcome attractive

jJunections, which from Eq, 17 is

T = 2 éié

s Z

where _

&G = 5.6 x 10° 1b/in.?

b = 4,13 x 10"8 cm (average of b, and bz.)

Af =2 x 10™% cm,
This gives a value of 4,6 1b/in.? for the internal
stress, 7? ’ dug to attractive and repulsive junctions
which 1s approximately the lowest stress at which basal

dislocations were observed to move long distances
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compared to the forest spacing in 99,999 per cent purity
crystais. This calculation indicates that the stress
required té overcome attractive and repulsive junctions
is the correct magnitude to explain the lowest stress
at whicg d;slec§tlon plle-u were observed,
p2Hela e F o

The nature of 72 caused by attractive and repul-
sive junctions is such as to cause a resistance to
dislocation motion in either direction of motion of the
dislocation, This fact may explain why the dislocation
pile-ups observed in the relaxation experiment were
not observed to relax alfter unloading :f‘rom a resolved
‘shear stress of 12,1 1b/in. /lﬂAssumi;g that sach dis-
location in a pile~up is held in equilibrium under ‘Lload
by a forward applied stress of 12,1 1b/in.? and a
reverse stress of 6 lb/:.n.2 due to attractlve and

SEEE e

*epu151ve Junctlons and 6 1b/in, > from ;other dlSlD-

cations 1n the pile-up," w%en the applled stress is ) ;
removed the streSa fréE/Sunctlons reverses sign and jk.f 
balances that due to the other surrounding dlslocatlons£g
Addltlonal relatatlon tests would have to be conducted
at different levels of applied shear stress to confirm )
thls explanation. - ' w~' 
Tinder (;;) has recently argued in a similar way
to explain the closed hysteresis loops obtained in the

microstrain region for zinc single crystals, The
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closed loops require a friction stress which acts in
both direétions'which would be the case for the junc-
tion model for applied stresses beloﬁ the stress level
required to break attractive and répulsive junctions,
Tinder found a closed hysteresis loop upon stressing
a crystal to 2.25 1b/in.,2 after it had been deformed
to a shear stress level of 11,4 1b/in.2 wheﬁ the 2.25
lb/in.2 was applied in the same direction as the pre-
load. When a shear stress of 2.25 1b/in.2 was applied
in the reverse direction an open loop was obtained
which indicates that the friction stress was overcome,
This behavior is entirely consistant with the picture
envisioned to explain why pile~ups did not relax upon
removal of an applied shear stress of 12,1 1b/in020
According to the model, in the unloaded condition the
Junctions are stressed 60 their breaking points in the
reverse stress direotion so that upon application of a-
small reverse stress they can be overcome with ease,
The long-range inbternal stresses provided.by
attractive and repulsive junctions does not explain
why work~hardening occurs once the internal stress is
excoeded because the forest density and therefore.the
junction spacing does not increase during basal slip.
Seeger, Mader, Kronmuller and Trauble (ﬁé) have con-

cluded from observations of slip line lengths on the
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surface of deformed zinc crystals that work-hardening
is caused by the long-range 1nternal stresses of disw=
location pile-ups. Figures 31 and 32 of the present
results illustrate the nature of the basal dislocation
distribution in work-hardening specimens. A conspicuous
feature of the work-~hardened state is the appearance of
large numbers of dislocation pile-ups, It is therefore
likely that a work-hardening model based on pile-up
interactions is appropriate for zinc deformed in basal

.

M4 e
¥ v
7’

G. Strain-Rate Sensitivi;y of the Floﬁ Sﬁress

As ofiginally suggested by Guard (9), the disio~_
cation mobility exponent méy be deduced from the straine
rate sensitivity'of the flow stress providing the num-
ber of moving dislocations does not change as a resuit
of the change in strain-rate, The shear strain-rate

is related to dislocation motion by

Ji, :;/pré)lr
so that

c;é%i 3;;‘_ a.é%L/9pz &l%a.bf s

L4

o T = é)é%m T 3,57\7“ (18)
shd

The wvalues for determined for.zinc
dlm 1

crystals of different purities are given in Table“Iy.
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The average value of N forﬁtwo tests on a 99,999 per

eent-purity crystael is 83, The mobility relation deter~

mined by the direct experiments is assumed valid, so

that
‘ét%%:}r = N = 5
Qb T

and

OLrom _ pin =78
Qbn T

for 99.999 per cent purity material, This discrepancy
between 74! and /. is large and clearly shows that the
number of moving dislocations changes as a result of a
_ strain-rate change,.

Similar experiments have been conducted on lithium
fluoride (ﬁi), silicon=iron Ygis and. tungsten (16)
crystals where the inverse strain-rate sensitivity 7\,
has been found to increase.with strain., When the data
is extrapolated to zero strain, the resulting 71' is
very close to the mobility exponent,?l,. The validity
of the strain-rate sensitivity experiment for determining
mobility exponents has been argued from these results,
However, no explanation for theée increase in 11’ with

strain has been proposed, The values of N as given
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in Table IV were nof observed to increase with strain
except for one test on a zone refined purity specimen
where the extrapolated wvalue at zero strain was about 50,

An alternative model to explain the results found
for zinc is proposed where the density of moving dislo~-
catlons,'/%w, is a functlon of the difference between
the applied shear stress and the flow stress at zero

strain-rate, 7; or
Pown A(d})(T‘T[)m.

/4 ( 3} ) is some unknown function of the plastic shear
strain and 71 may be regarded as the long-range 1nterna1
stress produced by junction reactions and dislocation
pile-ups. It would therefore be a function of ij , that
is Ty = ﬂ{fp) . The velocity of a moving disloca-
tion is still regarded as a function of 7T~ because the
average stress experienced by a moving dislocation is
independent of 7; (the internal stress 7? must average
to zero along a slip plane).

A qualitative picture of the stress difference ™7
as a function of distance along a slip plane is given
in Tig. E%; Glide dislocationé will be prevented from
moving when TL77 is negative or equal to zero. This
condition is shown for several dislocations. A slight

increase in the applied stress will shift the
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curve upwards allowing some obstructed dislocations to
glide. The specific number of dislocations released

in this manner would depehd on the details of the
internal stress variation and, in particular, the 'distri-'
bution of points where T—Ti goes negative because -
this stress difference governs whether a dislocation.
will be released when a given stress change is impvosed,

The strain rate is now given as

fo= A T-T)" T

and
3.@“3‘/’ - mw n
o T
dIn &p T
Y Y Y=

Jﬂn J;f = m_’

The experimentally determlned values of a Il 1-T)

are given in Table I:-V. The term WFF) is equal
?
to the ratio M/K' and is determined experimentally,

Therefore 7A is givén by
‘ 7
m=m'[I- -7;(7) .

Since A is much less than 71’, m= )n,. Table IV
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gives the wvalues of M1' determinedﬁfor the wvarious
purity materials, For 99,999 per cent purity zn'= 2
and .is a little less for the other purities, The feason
for the low value of 1.1 for the Zn-~0,02A1 purity is not
knownLj An exponent of JA = 2 would be expected if the
number of dislocations released per unit length of
glide plane were a linear function of the stress dif-
ference T-77 .

The model proposed to explain the results for zinc
may also apply to other metals of the soft metal group
such as coppér. Conrad (ﬁ§3 has measured thé strain~

rate sensitivity of copper singlq crystals at low

P/ s

temperature and finds that = 100-200 at 170°K.
This result is clearly unreasonable for a mobility
exponent, An alternative interpfetation off the results
in terms of the newly pfoposed model is suggested,
More important, if the density of moving dislocations
changes during a strain-rate change, many of the con-
clusions that Conrad makes regarding thermally activated
mechanisms would be completely invalidf

The present model would not be expected to apply
to hard type materials such as silicon-iron and 1ithium
fluoride‘because in these materials the variation of

the internal stress'ﬁri should be much less than the

levels of applied stress required to cause dislocation
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motion at appreciable velocities. The large value of To
in these materials is responsible for this condition,
In such cases the'change in moving dislocation density
would be smail and have little effect on the nominally

high mobility exponents,

Ty
H, Stress-Strain Behavior

muﬁ;ﬁerous investigations have been made on the influw
ence of various variables on the basal stress-strain
behavior orf zinc single crjstals. These inzestigationé
have included the effects of temperature'(Zé),,purity
(éé, #%), substructure (5ﬁ) and nonbasal forest dislo-
cation density (g;). The present investigation has
shown that the nonbasal forest dislocation density and
the characteristics of the dislocation substructure
are significantly influenced by the impurity level.
The effect of cadmium impurity on the degree of impurity
segregation and associated dislecation substructure in
zinc single . crystals has been shown by Damiano and Tint
(45). The present observations on segregation and sub=
structure in crystals with aluminum impurity are in
essential agreement with the work of Damiano and Tint.
Namely, at some impurity levels and under certain growth
conditions, impurities may segregate into a ceilular

structure and a dislocation substructure is associated

with the impurity segregation if the degree of segregation
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is great enough.i Thls is probably due to impurity
pinning of the diélocatlons which stabilizes the dise
location substructure, In terms of the mechanical
properties of zinc single crystals, the interrélation
between impurity changes and chan ges in dislocation
substructure as well as forest densities has not
generally been appreciated by previoué investigatbrs.
An important point is that when the impurity changes
are made, the effects on the mechanical properties may
be due to resultant changes in forest densities and

-substructure as well as dlrect impurity effects This

é
agroes-witk Seeger (¥q) mdre has es%1ma$ed that the
primary effect of impurity changes on the stress«strain
behavior of hexagonal close-~packed crystals is through

;:,sg, 'y
v I3

chanwes 1ngd1slocation densities, /7 vy %a?ﬁf»:ﬁwﬁ

Figure 29 shows the effect of impurlﬁy additions
on the stress~strain behavior. The effect of the foresf
dislocation density on the initial flow stress can be
estimated ffom the dislocation densities given in
Table V and by the use of‘Eq. 17 which gives the stress
requifed to overcome attractive and repulsive junctions,
Following the assumptions gi#en above, in Sectiqn F,
the stréss required to overcome junctions in Zn-0,002541
and Zn-0.0241 orystals is estimated to be 14,0 and 21,2

1b/in,? respectively, The initial flow stress for
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crystals of these purities is 27 and 73 1b/in.2 as shown
in Fig., 29. Thus a large share of the increaée in flow
stress over that for 99,999 pef cent purity crystals can
be attributed to changes in the forest density produced
by impurity additions.

Impurity additions were noted to héve an effect on
the character of dislocation substructure és shown in
Table V. These changes may have an influence on the
measured stress-strain curves because certain dislocation
sub~boundaries can have long=~range stress fields which
must be overcome by the applied stress if dislocations
are to glide past the boundaries, The notable differ-
ence between the substructure in Zn-0,02A1 material as
compared to the other purities may account for the
large difference between the initial flow stress and
the stress fo overcome junction reactions in the Zn-0,02Al
material. A detailed knbwledge of the dislocation char=
acter of the substructure would be required to estimate
the specific effect of the substructure change on the
flow stress..

- The effect of prestraining and annea;ing on the
stress~$train behavior is shown in Fig. 30, The stress-
strain curves are shifted to higher stresses which is
probably due to an increased dislocation substructure
donsity sinco the density of foreocst dislocations undoubt-
eddy did not changi$ Figure’ig shows the effect of

é F e £

(”f*’ Y Fooad juid Fo iy siFeds L
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prestraining on the substructure density. The present
results are consistent with the results of Washburn (b&)
on the effect of tilt boundaries on the stress-strain

- R R o R
behavior of zinc single crystals, 7 2 AR
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Nonbasal Slip System

A. Dislocation Orientations and Dislocation Multiplication
The inidial stages of nonbasal deformation occur in
isolated slip bands as shown in TFig. 38 which shows the
result of a c-axis pulse test, This mode of slip defor-
mation is somewhat different than that found for basal

slip in that the nonbasal slip bands are brOad'gnd ot
| ’ r“'//%“);";*": Dl

limited to one slip plane.fﬁThe appearance of theﬁsliﬁi
bands is similar to those found in deformed single cryss
tals of lithium fluoride (b?) where dislocation multi-
plication has been attributed to a multiple cross-slip
mechanism, Multiple Cross=slip occurs when a screw
dislocation segment in one slip plane glides onto another
slip plane which contains the same Burgers vector,
Cross~slip will be likely in cases where the screw dis-
location is not extended into widely spaced partial
dislocations and when a resolved shear stress occurs

‘on the cross-slip plane., When a screw dislocation Segw
ment glides onto the cross-slip plane, it is likely to

cross-slip once again onto another slip plane parallel

to the original slip plane., The screw segments that
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. plane. However,

=] 37

lie on the parallel slip plane can then act as a Frank-
Read source because the dislocation segments on the
cross-slip plane are edge dislocations which cannot

glide in the same direction as the 'screw segment,

Figure 49 shows a bowed dislocation segment on a

| Price (38) has used electron microscopy to study
the nonbasal slip system in zine., Nonbasal slip was
found to occur by the glide of screw dislocations with
a (G473 ) or % [TQT3] Burgers vector. The slip plane

was identified as the {ilié} or second order pyramidal .

which must have occurred on {iOTi} or first order pyrame
idal planes because this plane iS the only other low
index, nonbasal)plane that contains the ¢ + a direction,
Figureaﬁé shoWs the firsf and second order pyramidal
planes, In additi;n. Price observed large dipole trails
and'jogs on screw dislocations and attributed these to
cross-slip.

The orientation of the load axis along the c~axis
in the present work causes a resolved shear stress in‘
the first order‘pyramidal plane eqqal to about 90 per
cent of thét'produced on the second order pyramidal
vlane. This préduces a favorable condition for cross-

Slip to occur ahd hence the conclusion is drawn that

- N . : , : .
gxtensive cross~slip was observed . [/, /
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Cross~ Slip
Plane

Prirmary Slip Plane

Fig. 49 C(Cross-Slip Mechanism,
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(a) Second Order Pyramidal Plane

floli}

(b) First Order Pyramidal Plane

Fig. 50 First and Second Order Pyramid Planes,
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multiple cross-slip is responsible for the nature of the

observed slip bands,

The dislocations observed in the direct mobility

experiment areﬁmost ‘likely close to the edne orienta~

" tion with a [1213] Burgers vector-,{ The SllP band

3.

tra%es on the sp601men prism surfaces correSpond to

h

: {L@Eﬁ} planes which make. a normal intersection with

the observation surface., Therefore, edge dislocations
will lie perpendicular to the observation surface and

screw dislocations will lie parallel to it.

B, Dislocation Mobility
The mobility of dislocations in the nonbasal slip

system can be expressed in the form -

v- (%)

where A = 9.5 and Tg = 790 1b/in.? from Fig. 39.
These parameters are tabﬁlated in Table VI where they
may be compared to those of other materials., Nonbasal
dislocations are clearly less mobile than basal dislo=~
cations so that the mobility limiting process must not
involve phonon scatter, In addition, nonbasal dislow-
cation mobility cannot be classed with the "hard" group
of body~centered cubic and diamond cubic crystals in
terms of mobility. Therefore, the rate-limiting

process is probably not the thermal activation of
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dislocation kinks over a strong Peierls barrier which
has been used to explain results in lithium fluoride
(5) and germanium{4¥8). Models based on a Peierls
barrier predict that the mobility should depend on the
applied stress as |
-4
vee 7, (19)

Mobility data on silicon~iron (12), 1ithium fluoride
(11) and germanium (1) have‘been found to satisfy this
relation. The data on nonbasal mobility in zinc does
not fit Eq, 19 and thus a Peierls barrier mechanism
can be considered unlikely,

Models based on thermally activated events such as
jog formation and thermally activated cross-slip (31).

should give a mobility relation of the form
T T
VUexe 8

where 72 is the long-range internal stress, The non-
basal mobility data does not fit this form uSing 7} = 0
and a poor correlation is obtained by using values for

72 greater than zero, Therefore, none of the theoretical
mechanisms considered are appropriate to the present
results and additional experiments over a more extended
stress range and at different temperatures are suggested

to better define the physical mechanism which limits the

nonbasal dislocation mobility.
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C. Sitrain-Rate Sensitivity of the IFlow Stress

The dislocabtion mobility exponent as deduced from
the variable strain-rate test is listed in Table IV as
720 %10, The fact that this value is significantly
above the directly measured expomnent of 9.5 indicates
that the assumption of a constant density of moving
- dislocations during a rapid change in strain-rate is
incorrect, This.conclusion musﬁ be correct even though
the dislocation velocities measured directly were of
the leading dislocations in A slip band and thus repre~
sented the maximum velocities, whereas the wvariable
strain-rate test depends on average velocitieé in a
specimen coveréd by intersecting slip bénds like those
seen in IFig, 28, An analysis of the strain-rate data
in terms of a difference between the applied stress and
the flow stress at zero.sfrain~rate was not possible |
because of the very low strain-rate sensitivity. There~
fore, the model proposed to describe the Change in
density of moving dislocations for the basal data could
not be applied to the nonbasal data. However, there
is some likelihood that the same model would be appro-
priate to the'nonbasal slip system and, if so, this would
explain the high value of the inverse strain-rate sen=-
sitivity in terms of the change in density of moving

dislocations,
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Stress—Strain Behavior as Related to Dislocation Properties

Basal slip in zinc single crystals occurs at low
stresses and invplves the motion of relatively small
nunbors of wvory mobile dislocations. The initial flow .
stress appears to be determined by the stress required
to overcome attractive aﬁd repulsive juﬁctions between
basal aﬁd nonbasal disloéations. Once the initial flow
stress has been exceeded, work-hardening occurs at a
very low rate because the density of nonbasal disloqa.-’
tions does not increase and because the mobility eof
basal dislocations'is high enough to allow many of them
to leave thevcrystal which prevents them frgm contri-
buting to work-hardening through interactions with other
parallel glide dislocations, Dislocation pile-~ups occur
and their interactions probably determine the observed
work~hardening rates, |

As opposed to basal deformation, nonbasal slip
involves the movement of relatively 1arge.numbers of
slowly moving dislocatioris, Dislocations appear to
multiply by a mulitiple cross-slip mechanism which pro-
duces slip bands., The high work-hardening rates observed
for nonbasal slip are caused by dislocation pile-up
interactions within individual slip bands and by the
interaction of slip bands on the six equivalent slip

planes which results in an increase in the density of

forest dislocations with increasing strain,
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VII. SUMMARY AND CONCLUSIONS
The mobility of basal dislocations in zinc single
lcrysﬁals of 99,999 per cent purity has been experimentally
determined from observations of dislocation pilo-up

lengths produced by load pulse tests, The results obey

. 7\
the relation V' = (F) for ‘7'?’6 1b/in.2, where UV is

o -
the dislocation velocity in cm/sec, A is the mobility ﬂf”
exponent and is equal to 5, and T, is 5 1b/in.2./€The

maximum velocities observed are in the range of 7 to 80

cm/sec for shear stresses between 7 and 12 lb/in?; The

results are inconsistent with .the predictions using the=
oretical models which involve the thermally activated
motion of a glide dislocation past forest dislocations

or impurity atoms. The drag stress on a moving dislo=

Considars o

cation caused by phonon scattering is feund to be the o
mest likely velocity limiting process., The minimum

shear stress required to cause dislocation pile-ups is

(SRR

about 6 1b/in.%fand this stress is shown to correspond
to the stress to break attractive junctions between
basal and nonbasal dislocations, Thus plastic flow in

the basal slip system occurs when attractive junctions

e

are overcome, ;

e

The strain-rate sensitivity of the flow stress for

basal slip has been determined forQZOneﬂrefined;&99.999

per cent; Zh~0,0025Alkand éh—0.0ZAlfspecimens. A large
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"difference is observed between the inverse strain-rate
sensitivity and the directly determined mobility expo=
nent. A dislocation model is proposed which explains
‘the observed differences. The major part of the Strain-
rate sensitivity is attributed to changes in the number
of moving dislocations which accommodate a change in
strain-rate, rather than to the change of dislocation
velocity., The, model p;oposed for basal Sllp 1n zinc
may also apply 'bo nonbasal )si.;l.p in zine and ;o copper
and'aluminumlcrystals ‘deformed in easy glide, in which
large strain-rate'changes may be made with very small
_changes in stress.

The mobility of dislocations in the <1213>{1212}
nonbasal slip system has been experlimentally delermlmned
from measurements of the length of slip bands produced
by pulse load tests, ‘The results obey the relation

4 T\~ 2
u&:(%§>) where /L = 9.2 and 7 = 790 1b/in.”,

Velocities between 2 x 10 and 2 cm/sec were measured
in the stress range from 300 to 800 1b/in.?. The results
are inconsistent with theoretical models which involve
thermally activated events, The appearance of the non-
basal slip Bands suggests that dislocation multipli-
cation takes place by a &ouble cross~slip mechanism in

which segments of screw dislocations with T+ a Burgers

vectors glide from second order pyramidal planes onto
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‘first order pyramidal planes and then back onto‘another
second order pyramidal plane.

| The addition of 0,0025 and 0,02 per cent aluminum
to zinc produces a segregation substructure, and increases
the density of nonbasal dislocations., The raise of the
basal shear stress vs, shear strain curve, which is |
observed to accdmpany the addition of aluminum, is
attributed primarily to.this increase in the density of
nonbasal dislocations, The increased density of nonbasal
dislocations produces an increase in the density of
attractive junctions between basal and nonbasal dislo-
cations. Hence, the stress required to move basal dis-
locations is increased,

The 6hange in basal dislocation density, Z»o y Pro=-

duced by plas?ic shear‘strain, d79 , obeys the relation

ﬁ/ﬁ = C' XPé'xnrhere C is a constant, and is independent
of purity. This relation is different from the relations
that have been reported for copper, silver, and lithium
fluoride single crystals, The difference may be explained
by the long glide distances observed for basal dislqca-
tions in zinc crystals, Glide distances of the order
of the specimen size have bheen observed which indicates
that large numbers of dislocations ma} glide out of the
specimen and hence produce strain but do not contribute

to etch pit densities,
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The important results and conclusions of this inves-

tigation are:

1. The mobility of dislocations in the basal and
nonbasal slip systems has been determined
experimentally and the results have been

| evaluated in terms of current theories, The
drag stress caused by phonon scattering is
shown to be the most likel& velocity limiting
process for basal dislocations, No thedry
has been found which predicts the mobility
relation for nonbasal dislocations,

2, The strain-rate sensitivity of the flow stress
has been determined for zinc single crystals
deformed in basal slip. 'The inverse strain-
rate sensitivity differS'éreatly from the
mobility exponent and a dislocation model is
proposed to explain the difference., The model
attributes the strain-rate sensitivity to
‘changes in the number of moving dislocations,
The importance of chénges in the density of
moving dislocations accompanying a strain-rate
change has not.genefally been recognized by
previous investigators. The model p:0posed

may also apply to nonbasal slip in zinc and
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to copper and aluminum crystals deformed in
easy glide,

The long-range internal stress which must be
overcome for basal slip to occur is attributed
to attractive junctions between basal and non-
basal dislocations, This source of internal
stress is shown to be consistent with the
following observations: (1) the stress
required to cause dislocation pile-ups;

(2) the effect of aluminum impurity on nonbasal
dislocation densities and on the basal stress-
strain behavior; and (3) dislocation pile-ups
do not relax with the removal of applied stress,
The importance of attractive Jjunctions in rela-
tion to basal slip of hexégonal close~packed
crystals has generally not been recognized by
previous investigators.

The influence of aluminum impurity on the basal
stress~strain behavior is dﬁe in large part to
éhanges in the density of nonbasal dislocations
which determine the spacing of attractive
junctions.

The change in basal dislocation density with
shear strain is given by the relation A/o = CA’P?L

and is independent of purity. This relation
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is different from the relations that have been
reported for copper; silver and lithium fluoride
single crystals, The difference is atitributed
to the long glide distances observed for basal

dislocations in zinc,
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