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ARSTRACT

Plastic flow and fracture of zinc single crystals sub-
Jected to tension parallel to The hexagonal crystallographic
axis, torsion about that axis, and combinations of such ten-
gion and torglon have been investigated experimentally at
2500 and ~?7OGG The results show that under tension alone,
cleavage fracture on the basal plane is preceded by plastic
elongation in the direction of the hexagonal crystallographic
axis. Some evidence 1g presented which indicstes that this
newly discovered mode of plastic deformation of zinc crystals
probably occeurs by slip on {iﬁﬁé} planes in <11§3> directions
The temperature dependence of this mode of plastic deforma-

ot

ion is anomalous, The tensile stress reguired to produce
given amount of plastic strein is greater at ?5Oc than
at -77°¢C
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determined from the results of torsiocnal tes

markedly by prior tensile plastic deformation., T
j‘[}

h
regs-strain relation 18 ralsed moderately by prior basal
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Fracture was always found To cccur by cleavage on a
basal plane. The observed combinations of tenglile stregs
and shear stress on the basal plane at fracture are not

consistent with p?edictiens sased upon current dislocatio
theorieg for the initiation of cleavage fracture in zinc.

e presgent results indicate that dislocations having
Burgers vecbtors that do not lie in the basal plane may be
£ erucial importance in the disglocalbtion mechanism of
cleavage fracture of zinc, Such dislocationsg have not

been considered in previously proposed theories,
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I. INTRODUCTION

One of the most important characteristics of metals 1is
their high mechanical strength. This desirable property has
made metals useful as structural material, However, there
are factors limiting the strength of metals, and these fac-
tors must be understood in order to use metals economically.

The practical strength of metals generally is limited
either by the inception of plastic flow or by fracture.

Most metals behave in a ductile manner, and their proper
structural use normally is determined by the yield stress.
However, fracture alsc plays a role in limiting the useful
application of some metals and alloys. A few metals, such
as beryllium, normally are so brittle that they cannot be
fabricated into proper shapes unless special precautions
are talken to avoid fracture. Furthermore, some normally
ductile alloys behave in a brittle manner when subjected

to conditions of low temperature and large stress rate.
Mild steel, one of the most useful of all the modern struc-
tural materials, is among the alloys having fracture charac-
teristics that strongly depend upon these variables, A
sound understanding of the mechanism of fracture is needed
for the proper utilization of these metals.

Much work has already been done on the problem of find-

ing an adequate theory to describe the mechanism of fracture



in metals, but the problem is still far from being satis-
factorily sclved, Twe different approaches te this problem
are being tried. The first approcach is to study experi-
mentally the existing structural alloys in order to de-
termine the effect different variables have upon the stress
required to cause the fracture of these materials, The re-
cent recognition of the importance of brittle fracture
phenomena, especially in steel, has made this approach to
the general problem of understanding fracture an immediate
engineering necessity. The dramatic brittle fracture of
steel ships during VWorld War II and the subsequent efforts
to provide better ships 1s only one example of how an in-
creased understanding of the properties of existing struc-
tural materials can prevent serious economic losgs.

The second approach to the problem of understanding
fracture is to search for the basic atomic mechanisms by
which cracks are initiated and propagated through metallic
crystals. Single crystals often are used as specimens for
the experimental study of the atomic mechanisms of fracture.
This eliminates the effect of grain boundaries and makes it
possible to apply stress along known crystallographic di-
rections. Bicrystals may be used for studying the effects
of grain boundaries. The study of the basic atomic mech-
anisms 1is less useful for scolving immediate englineering
problems, but it offers a greater possibility of forming a

complete understanding of fracture. The two methods of



studying this problem, therefore, complement one another.
This thesis is concerned with the second method and deals
with the atomic mechanisms involved in initiating cracks

in metallic single crystals.

The first theoretical estimate of the tensile stress
required to fracture crystalline solids was based upon the
assumption that all atoms within any crystal are always
arranged in a precisely regular three-dimensional space
1éttice. A1l atoms within such a perfect crystal would
contribute egually to the binding energy. Seitz and Read
(1) have considered the energy needed to separate two
planes of atoms and have derived an expression for the
tensile stress required to produce fracture of a perfect
crystalline solid. This theoretical fracture stress is
expressed by:

57
Sin g o (1)

where Tin is the theoretical fracture stress, E is Young's
modulus, ¥ is the specific energy of the fracture surface,

and a is the eguilibrium spacing of the atomic centers.

Typical values of E, 7 , and a are 1012 dynes/bmg, 103 ergs/bmg,
and 5X1808 cm, respectively. The theoretical fracture stress
based on these values is approximately 1011 dyﬁe/cng or

about ten per cent of the value of Young's modulus.

Zwicky (2) and Born and Furth (3) have made more detailed

calculations on ionic crystals and have reached conclusions



similar to those of Seitz and Read. This theoretical frac-
ture stress, however, is several orders of magnitude greater
than the stresgs reguired to fracture many types of real
crystals., Even the strongest commercial alloys fracture

at a stress smaller than predicted by this theory. Further-
more, this simple theory i1s unable to account for the great
dependence of fracture behavior upon the variables of tem-
perature and prior plastic deformation shown by many com-
mercial alloys. Therefore, the actual mechanism of frac-
ture must be much more complicated than indicated by this
theory.

The problem of fracture of crystalline solids is
similar in some respects to the problem of plastic de-
formation. The sgimple theory of a perfect crystalline
solid provides an explanation for the experimental fact
that plastic deformation in a crystal is not isotropic,
put takes place along preferential planes. Frendel (4)
produced a simple method for estimating the shear strength

o

of a perfect crystal by assuming that along the preferential
slip directions in crystals all the atoms in one plane si-
multaneously slide over the atoms in an adjacent plane.

The magnitude of the critical shear stress for plastic defor-
mation is estimated from this theory to be a few per cent of
the shear modulus. However, experimental evidence shows that

-4
tress only 10
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some metal crystals deform plastically at a

as large. This discrepancy between experiment and theory



was resolved when it was recognized that real crystals
contain crystallegrapvhic imperfections called dislocations.
The concept of dislocations has since received a consider-
able amount of experimental verification (5), This dis-
location theory now can be used to explain some of the
simple aspects of plastic deformation

The success of the dislocation theory suggests that
real crystals may contain some other form of imperfection
that could satisfactorily explain why these crystals frac-
ture at a stress much lower than the theoretical fracture
stress of perfect crystals. The presently accepted models
of the atomic structure of dislocations readily explaln
why dislocations move so easily under an applied shear
stress, but they also suggest that individual dislocations
should have only a minor effect upon fracture strength.

Griffith (6) postulated that small cracks exist in
solids and developed a theory that accounts very well for
the fracture strength of glass, This theory considers the
surface energy needed to increase the length of a crack
and also the reduction of the elastic strain energy in the
surrounding material when the crack 1s lengthened. A spon-
taneous increase of the length of the crack will occur when-
ever the change of strain energy is larger than the change
of surface energy. A given crack length will increase spon-
taneously only if the strain energy of the surrounding ma-

terial initially exceeds a critical magnitude. The stress



required to produce this critical elastic strain energy
defines the critical stress necessary to cause fracture,
This critical stress will, of course, depend upon the
initial size of the crack as well as the elastic prop-
erties and the specific surface energy of the material,
Griffith's equation for the relationship of these param-

eters is:

2 L EY
o, = K=~ (2)

where o, is the critical fracture siress, E is Young's
modulus, ¥ is the specific surface energy of the crack,
and ¢ is the initial length of the crack, K is a numerical
factor that depends upon the shape of the crack but is close
to unity for all shapes,

The initial size of a crack that can propagate by
this mechanism through a metallic crystal subjected to a
particular stress can be estimated by applying Griffith's
equation. For example, an initial crack length of about
0.002 in. is predicted for steel (7). This prediction is
made by measuring the fracture stress and the elastic prop-
erties and by estimating the specific surface energy for
steel, A crack of this size should be easily visible when
viewed through a metallurgical microscope, However, cracks
have not been observed in steel unless the metal has been
subjected to a stress that is only slightly less than the

stress required to produce complete fracture. Furthermore,
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the Criffith theory predicts that single crystals of some
metals have cracks large enough to be seen by the unaided
eye, Cracks of this size have not been observed in the
crystals, Such experimental evidence indicates that the
Griffith theory does not explain the initiation of frac-
ture in metals, although this theory may be significant
in describing the propagation of cracks after they have
been formed by other mechanisms.

The experimental results of several investigators
have shown that fracture in metals normally is preceded by
plastic deformation (8). Plastic deformation occurs in
metals even with the case of so-called brittle fracture,
although its magnitude is considerably less than the plas-
tic deformation preceding ductile fracture., This deforma-
tion suggests that cracks may be initiated by the strong
interaction of several dislocations. Zener (9) and Stroh
(10) have proposed that cracks may be nucleated by the
large tensile stress produced when several edge disloca-
tions operating on the same slip plane are forced against
a strong obstacle such as a grain boundary. Stroh (11)
also has suggested that cracks may be nucleated by the
large stress associated with a small angle tilt boundary
that terminates within a crystal. Cobttrell (12) has con-
sidered how dislocations on intersecting slip planes can
interact to form large sessile dislocations, producing

large tensile stress in the vicinity of these dislocations,
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Deruyttere and Greenough (13) and Gilman (14) have proposed
a theory, based upon energy considerations, that predicts

a lowering of cleavage strength along any plane containing
a large number of dislocations. Undoubtedly, there could
be many other models of crack formation based upon the
interaction of dislocations. Therefore, experimental re-
sults are necessary to determine if any dislocation inter-
action model can describe the type of fracture that occurs
under a particular set of conditions.

The present research program was undertaken to obtain
information on the influence of plastic deformation upon the
stress required to fracture crystals. Metallic single crys-
tals were tested mechanically to produce plastic deformation
and subsequent fracture. The results of these tests will
be compared with the results predicted by each of several
different theoretical models of fracture initiation.

An experimental study of the relationship between plas-
tic deformation and fracture initiation in a single crystal
requires a close control of the mode of plastic deformation.
Zinc, a hexagonal close-packed metal, has several advan-
tages for such studies. First, its plastic behavior is
anisotropic. This property is typical of hexagonal close-
packed crystals in general; but 1t is particularly pro-
nounced in zinc, where the distance between atoms along
the hexagonal axis of symmetry is 13 per cent greater than

this distance would be for ideal spherical packing. Slip



occurs primarily on the basal planes, which contain three
crystallographically equivalent slip directions. Measurable
sl1lip occurs on other planes only if the resolved shear stress
on the basal planes is very small (15),

The second advantage of zinc is its low melting tem-
perature, Thus, large single crystals can be produced
with inexpensive equipment. The third advantage is the
commercial availability of relatively pure zinc, 99.999 per
cent purity =zine costing approximately $1,50/1b. The
fourth advantage of zinc is the considerable amount of in-
formation already available about its behavior., This in-
formation provides a good basis for further work,.

Zinc crystals fracture readily along basal planes,
This fact has long been known (16), but the mechanism
controlling this fracture has not been clear., Fracture
was once thought to occur whenever the tensile stress
normal to the basal plane exceeded a certain critical
value (16), This view has now been seriously questioned
(13,14) as a result of an accumulation of experimental
evidence, The tensile stress normal to the basal planes
at the time of fracture has been found to vary widely, de-~
pending upon the conditions of the test.

The primary purpose of this investigation 1s to de-
termine quantitatively if either the resolved shear stress
or the slip along a crystallographic plane is an important

factor in producing cleavage along this plane, Mechanical
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tests were performed on zinc single crystals. The testing
method permitted the tensile stress normal to the basal
planes ard the shear stress along the basal planes to be
varied independently. Cylindrical specimens of zinc

were prepared for this purpose with the hexagonal axis of
the crystal precisely parallel to the axis of the cylinder,
Tensile stress normal to the basal planes was produced by
applying a tensile force along the direction of the axis
of the cylinder., Shear stress along the basal planes was
produced by applying a torque about the axis of the cylin-
der. Measurements of stress and strain were made for each
specimen prior to fracture., These measurements provide a
quantitative means of determining if any one of the present
theoretical fracture models is an adequate basis for de-
seribing the initiation of fracture along an active slip

plane.
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II. SPECIMEN MATERTIAL AND PREPARATION

The specimens for this experimental study of fracture

were required to have the following properties:

A, ZEach specimen must consist of a zinc single
cryatal.

B, FEach specimen must have a cylindrical gage sec-
tion with the axis of the cylinder parallel to
the hexagonal axis (c-axis) of the crystal.

¢, The crystals should have a high purity.

D. The crystals should have a low density of dis-
locations.

E. The crystals should be similar enough so that
comparisons among the specimens are possible,

Spherically shaped zinc crystals were grown by the

Bridgman (19) method in graphite coated pyrex glass molds
of the type shown in Fig. 1 (see Appendix F). The procedure
used for growing the crystals is described in Appendix A,
The zinc for the crystals was obtained from the New Jersey
7Zinc Company of Palmerton, Pennsylvania. The supplier
stated that the zinc was 99.999 per cent pure, with iron
(0.0003 per cent) and lead (0,0002 per cent) as the major
impurities. A typical crystal is shown in Fig. 2 (see
Appendix F).

The test specimens were machined from the spherical,

central portion of the crystals., A special saw and a
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special lathe were congtructed to facilitate the shaping
of the specimens, The cutting mechanism of both of these
machines consists of chemically etching the crystals by
applying nitric acid to those portions of the crystal
that are to be removed. Crystals cut by this method re-
main free of plastic deformation, The details of the
operations of these two pieces of equipment are given in
Appendices B and C.

A suitable method of gripping the specimens had to
be found before the specimens could be tested mechanically,
The plastic anisotrophy of zinc crystals precludes the use
of any grip that introduces large stress concentrations.
For this reason, the conventional methods of gripping poly-
crystalline specimens, such as threaded ends, cannot be
used for single crystals of zinc. A bonding agent that
is strong enough to transmit stress uniformly over a large
area is needed to prevent sharp stress gradients., Tin-
lead solder was found to be the most suitable of the sev-
eral bonding agents investigated for this purpose. However,
under certain stress conditions, the crystals proved to be
stronger than the solder bonds. Thus, the range of stress
conditions studied in this program was somewhat limited.
This was not a serious limitation, however, because signif-
icant information was secured within the obtainable stress

range.
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A complete specimen assembly is represented in Fig. 3.
The center section ig a single crystal of 99.999 per cent
purity zinc. The hour glass shape of the specimen insures
that the maximum nominal stress occurs at the center where
this stress will not be complicated unduly by the stress
inhomogeneities associated with the solder bonds on either
end, The central portion of the test specimen is a suf-
ficiently close approximation to a cylinder to satisfy
the geometrical requirements of this testing method. A
zinc-copper alloy single crystal containing 0.25 per cent
copper is soldered to each end of the specimen crystal.
These two alloy crystals have very nearly the same coef-
ficient of thermal expansion as the high purity zinc crys-
tal, Thus, neither stress nor strain is introduced in the
specimen by the temperature change associated with the
soldering process. A threaded steel cylinder is soldered
to each alloy crystal, Since the thermal expansion of
steel is approximately the same as the thermal expansion
of a zinc crystal in the a-directions, only a small stress
is introduced thermally at the solder bonds between the
steel cylinders and the alloy crystals. The copper con-
tent and the large diameter of the two alloy crystals make
them sufficiently strong to withstand the stress to which
they are subjected without fracturing. All five pieces of
the assembly were held in a fixture during the soldering

operation to insure their proper alignment. The hexagonal
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axis of each test crystal was parallel to the axis of the
specimen assembly to within 1/3 degree. The gage section
of each test crystal was concentric with the alignment
surfaces on the steel cylinders to within 0.002 in. A
detailed description of the method used for preparing the

complete specimen assemblies is given in Appendix D,



ITT., EXPERIMENTAL METHODS

The zinc specimens were tested by applying elther
tensile or compressive force parallel to the axis of each
specimen assembly while independently applying torqgue
about the axis., The tensile strain parallel to the axis
of the specimen and the shear strain along the basal planes
at the surface of the specimen were measured during the

F
tests.

o

Description of Equipment

A special testing fixture was manufactured tThat per-
mits tensile force and torque to be applied independently
to a specimen., A schematic drawing of a specimen assembly
mounted in the testing fixture is shown in Fig. 4, The
upper end of this fixture is attached to the bottom of
the moving crosshead of an Instron Tensile Testing Instru-
ment, Model TT-C-L. The lower end of the fixture is fas-
tened to the lower end of the specimen assempbly. Tensile

stre

Fea}

58 18 produced in the specimen by moving the crosshead

and fixture downward while the upper end of the specimen

Lede
¥

assenbly is held in a fixed position. Torgue is produced

n the specimen assembly by rotating the lower part of the

j-e

testing fixture about the axis of the assembly. The fixture
contains a ball bearing that vermits this rotation and a

worm and gear drive that controls the amount of rotation,
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A special dynamometer that can measure Independently

5

both tenslle force and btorgue 1s attached to the upper end

of the specimen assembly. SR~ type PA-24-12 foil strain

03

ares are bonded with an epoxy resin te a thin, ribbon-
like portion of the dynamometer. These gapges are connected
electrically to form two Yheatstone bridge circults that
are sensitive to tensile force and torque, respectively.
Fig. 5 shows the relative positions of these gages and

the circuits of the Wheatstone bridges.

The special dynamometer was calibrated with known
tensile forces and known torques. A Baldwin-Lima-Hamilton
SR-4 Strain Indicator was connected to each bridge circult
for this calibration. The same indicator was used for
measuring torque during the actual tests., The torsional
calibration curves for both strain gage bridges are shown

-

in Fig, 6. The tensile calibration curves for both strain

Ld

gage bridges are shown in Fig. 7. The tensile bridpge 1s
relatively insensitive to torgue, and the torsional bridge
is relatively insensitive to tension., The dynamometer Thus
provides essentially independent measurements of tension and
worsion.

The upper end of the special dynamometer is Jjeired to
a standard Tnstron "F" load cell by a connecting rod., The

Instron load cell is bolted rigidly to the frame of tThe

Instron machine., Thus, this lcad cell, the connecting rod,
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The strain gage bridge responses were messured wlith
Baldwin-Lima-Hamilton SR-4 Strain Indicators.
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Fig. 7 Tensile Calibration of the Tension-Torsion Dynamometer.
The strain gage bridge responses were measured with
Baldwin-Lima-Hamilton SR~4 Strain Indicators.
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and the gpecial dynamometer do not move during the tests.
Two teflon guidesaccurately determine the lateral position
of the connecting rod without interfering with the free
vertical movement of the crosshead, These guides introduce
only negligible frictional force.

The specimen assembly and testing fixture are aligned
to avoid the introduction of bending or lateral forces,
The bolt hole in the lower end of the fixture, the two
teflon guides, the Instron load cell, and the ball bearing
are mutually concentric with the specimen to within 0.003
in., which was the least reading possible with the equip-
ment used for measuring this alignment. The special
tension-torsion dynamometer had sufficient flexibility to
accomodate any small misalignments of this order without
introducing any significant stress in the specimen.

The installation of the specimen assembly into the
testing fixture requires that the lower concentric tube of
the fixture be removed, thus permitting the upper end of
the specimen assembly to be attached to the dynamometer,
After the lower end of the fixture is replaced, the speci-
men and the fixture are fastened together with the bolt and
clamp on the lower end of the fixture. The dynamometer
and recording instruments are used tc measure continuously
the force and torgue acting upon the specimen while it is
being installed in the fixture. These installation opera-
tions normally can be done with enough care to prevent

damage of the specimen.
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Determination of Btress and Strain

Measurements were made during the tests to determine
the tensile or compressive stress normal to the basal
planes and the shear stress along the basal planes. The
tensile or compressive strain normal to the basal planes
and the shear strain along the planes also were measured.
In addition, the total elongation of the specimen assembly
and the relative rotation between the ends about the axis
of the specimen assembly were determined. The measure-
ments for determining stress and strain were made through-
out the entire test of each specimen to provide a complete

history of plastic deformation prior to fracture.

A, Tensile and Compressive Stress and Strain

The tensile or compregsive stress normal to the basal
planes was computed by dividing the measured axial force
by the smallest cross-sectional area of the specimen. The
axial force was measured and recorded by the standard
Instron "F" load cell and the ¥-Y Speedomax recorder of
the Instron Testing Instrument. The diameter of each
specimen was measured with a micrometer before testing.
The computed values of the stress normal to the basal
planes are estimated to be within 5 per cent of the actual
values. This estimate is based on possible errors in the
measurements of force and diameter and on possible mis-

alignment of the specimen assembly. The sensitivity of
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the force measuring svstem allowed the detection of a
change in stress of 10 lb/im,g in the range from 0O to 1,000
1b/iﬁ.2; a change of 25 lb/in.g in the range from 1,000 to
5,000 1b/in.2; and a change in 50 1b/in.2 in the range from
5,000 to 10,000 1b/1n.9
The tensile or compressive strain parallel to the
hexagonal axis of a test crystal was measured by two SR-4
type A-18 wire resistance strain gages bonded to the sur-
face of the crystal. These gages were located on diametric-
ally opposite sides of the narrowest part of the specimen
and were oriented with their sensitive directions parallel
to the hexagonal axis of the crystal. The change in the
resistance of these gages was measured and recorded with
the strain recording system incorporated within the Instron
testing machine. The measured values of tensile strain are
estimated to be within 6 per cent of the actual strain., A

5in./in. could be detected.

change in strain of 10~
The axial elongation that occurred in a specimen
assembly during a test was determined from the movement
of the crosshead as indicated by the crosshead position
indicating system incorporated within the Instron testing
machine, A change of the crosshead position of 0.0005 in.
could be detected. The indicated crosshead movement is

the sum of the elongation of the specimen assembly and

the elastic elongation of the testing equipment.
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The elastic elongation of the eguipment wag determined
as a function of the tensile force by separate experiments
in which a 1 3/8 in. diameter steel cylinder was substituted
for the zinc specimen. The crosshead movement in these
calibration experiments was equal to the total elastic
elongation of the testing equipment, because the steel
cylinder was so rigid that its elongation could be ne-
glected. The elongation of a specimen assembly during
its test was determined by subtracting this calibrated
value of the elastic deformation of the testing eguipment
from the total crosshead movement.

Fig. 8 shows the elastic elongation of the testing
egquipment as a function of the tensile force. The dotted
curves indicate the limits of reproducibility. This
variation can probably be attributed to the presence of
the hard rubber thermal insulating ring. This uncertainty
in the elongation of the testing equipment could introduce
a maximum error of 30 per cent into the computed value of

the elongation of the specimen assembly.

B. Shear Stress and Strain

The shear stress and the shear strain within a plas-
tically deformed cylindrical torsional specimen having a
circular cross-gection vary along the radius. However,
a shear stress versus shear strain curve that is character-

istic of the specimen material in pure shear can be derived
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from the experimentally determined relationship of forque
versus shear strain at the surface of the specimen., The
gshear stress, 7 , at the maximum radius, r, 15 computed
from the measured applied forague, T, and the shear strain
at the surface, » , by means of the following relationship

(20

1 qam .
T = = [V —+ 37T (3)
27 v a7
4aT . . . .
The glope E; of the experimental ftorque versus shear strain

relationship is determined graphically. The shear stress
versus shear strain curves for slip along basal planes re-
ported in this thesis were derived by means of equation 3.
The torgue was measured by the special tension-torsion
dynamometer combined with a Baldin-Lima-Hamilton SR-4 Strain
Tndicator. These measured values of torque are estimated
to be within 3 per cent of the actual values. The accuracy
of thege measurements wasg limited primarily by the accuracy
of the calibration of the dynamometer. The eguipment could

detect a change in ftorque as small as 0.0% in. 1b.

s

The shear strain at the surface of the specimens was
measured by a combination of three methods. The first
method employed two SR-4 type A-18 wire resistance strain
gages bonded to the surface. The active direction of each
of these gages was oriented at 45 degrees with respect to

the basal planes in such a manner that the shear strain



o~

proeduced tensicn in one gage and compression In the other,

oy

The change in the resistance of these gages was measured
with a Baldwin-Lima-Hamilton Strain Indicator. These gages
were a sensltive means Tor detecting the initiation of
plastic deformation. A change of strain of 10_5 in./in.
could be detected by the gages. The SR-4 strain gages

were found to impede slip along the basal planes during

the torsional tests. The influence of the strain gages

was so large at strains greater than 0.001 in,/in. that

the strain measured by the gages was not representative of

the

[}

train cccurring throughout the whole crystal. PBecause
of this influence, SR-4 gages were used only to detect
smzl1l strain and were not used on every specimen,

The second method of measuring shear strain along the
basal planes employed a thin pencil line on the surface of
the specimen parallel tc the hexagonal axis of the crystal.
T™e shear strain at the surface of a specimen during a
torsional test was determined by measuring the angle
of rotation of the line. A protractor was fastened near
the specimen for measuring this rotation. This method of
measuring the shear strain had the advantages of not in-
troducing any surface restraint and of determining how
the shear strain was distributed along the length of the
specimen, & change of angle of one degree could be measg-
ured with this method. This change corresponds to a shear

strain of 2 per cent,

&
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torsional shear stress along the basal planes while the
tensile stress was still present, The fourth type con-
sisted of tests in which plastic shear strain was intro-
duced along the basal planes by applying a torgue, the
torgue was removed, and then a tensile stress was applied

normal to the basal planes.

The first test, in which torgue was applied to the
specimen without fthe application of tensile force, was
designed to determine if basal cleavage would occur when a

zinc crystal is subjected only to a pure torsion about its

hexagonal axis, Torque was applied to a specimen (number
29) at a rate of increase of 0,02 in.lb/min. This torque
rate produced within the elastic range of deformation, a

. 2. o
shear stress rate of 0.4 1b/in."min on the basal planes at
-he surface of the specimen. The rate of forgue increase

was

changed to 0.11 in.lb/min after a maximum shear strain

of 100 per cent had been obtained.

increase wWas

350 per cent
Another

to determine

by the presence of

the
the
%f’wy O

basal planes

surface of

hexagonal axis

This rate of torgue

maintained until 2 maximum shear strain of

5

was obtained.

specimen (number 33) was tested in ftorsion

how slip on basgal planes could be influenced

}
SR-1

wire regisbance strain gages on
the crystal. A pencil line parallel %o

was placed on the surface of the crystal.

g oriented to measure shear strain on the

were cemented to the center of the narrowest
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portion of the specimen. Torgue was applied about the
hexagonal axis of the crystal to produce a maximum shear
strain of 32 per cent along the basal planes. This maximum
shear strain cccurred in a portion of the crystal that was
not covered by the strain gages. The torque then was re-
moved., The SR-4 strain gages were removed with acetone,
and another pencil line was placed on the surface of the
crystal parallel to the axis of the specimen, Torgue again
was applied about the hexagonal axis of the crystal to pro-
duce a maximum shear strain of 32 per cent along the basal
planes. The maximum shear stralin produced by this second
torque application occurred in the narrow portion of the
crystal that previously had been covered by strain gages.
The second series of tests was conducted to study
the tensile plastic and fracture behaviors of zinc crystals
in the absence of shear strain along the basal planes. Ten-
sile stress was applied normal to the basal planes of each
of five specimens (numbers 11, 12, 27a, 37, and 49) at a
rate of increase of 300 1b/in.2 min until either the
specimen or a solder bond failed by fracture, None of the
specimens except number 27a had been tested previously.
Specimen number 27a had previously been subjected (as speci-
men number 27) to a tensile stress of 2,000 1b/in,2 and a
shear stress on the basal planes great enough to produce a
maximum shear strain of 1 per cent, After its initial test,

but before being used in the present series, this crystal
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was annealed at 380° ¢ (40° ¢ below its melting point)
for four hours.

The tensile strain in the axial direction was measured
by SR-4 gages throughout each test of this series. Speci-
men number 11 had four additional SR-4 gages appropriately
oriented to measure two orthogonal components of the shear
strain on the basal planes., These shear straing were re-
corded with the aid of two Baldwin-Lima~Hamilton Strain
Indicators.

The tests of this second series were conducted at two
different temperatures. Specimens numbers 11, 12, and 37
were tested at room temperature (2506). Specimens numbers
27a and 49 were tested at the sublimation temperature of
dry ice (-77°C).

Fach of the low temperature tests was performed with
the specimen and the lower end of the testing fixture
immersed in a mixture of dry ice and ordinary cleaning
solvent, The transient thermally induced stress was
minimized by first surrounding the specimen with the liquid
at room temperature and then slowly cooling it to testing
temperature by periodically placing small pileces of dry
ice into the container of liquid.

The third series of tests was conducted to determine
if zine crystals will fracture readily at a small tensile
stress if slip occurs on the basal planes while the tensile

stress is present. Tensile stress was applied normal to
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the basal planes of each of eight specimens (numbers 21,
26, 27, 28, 29, 30, U4, and U46) at a rate of increase of
200 lb/in,g min until the tensile stress reached a pre-
determined magnitude. The movement of the crosshead of
the Instron machine then was stopped sco that the tensile
stress remained at approximately this magnitude, HNext, a
torque was applied to the specimen., The magnitude of the
torque was increased until either the specimen fractured
or the magnitude of the shear strain on the basal planes
became large enough to indicate that this strain was not
very effective in promoting fracture., Two specimens
(numbers 26 and 30) did not fracture when subjected to
large shear strain (38 per cent, and 32 per cent, re-
spectively). When this large strailn was reached, the
rotational movement of the lower part of the testing fix-
ture was stopped so that the torgue remained at an approxi-
mately constant value. The tensile stress then was in-
creased until the specimen falled at the scolder bond,

Two of the specimens (numbers 26 and 44) used in this
third test series had been subjected to special treatments
prior to their tests. Specimen number 26 had been subjected
to a tensile stress of 1,000 1b/in.2 and then placed in an
oven at 130° ¢ for 16 hours prior to its tensile and tor-
sional test. Specimen number 44 had been subjected to a
compressive stress of 2,500 1b/in.2 normal to the basal

planes prior to its tensile and torsional tests. The other



six specimens used in this test series had not been de-
d in any manner prior to thelr tests,
Four specimens (number 21, 27, 28, and 29) had SR-I
gages Ior meaguriﬁg tensile strainsg normal to the basal
planes and other SR-4 gages for measuring shear strain
along the basal planes. Three specimens (number 26, 44,
and 46) had SR-4 gages for measuring tensile strain only.
Speaimeﬁ number 30 did not have any gages on 1ts surface.
The fourth series of tests was conducted to determine
if zinc crystals will fracture readily at a small tensgile
stress if slip on the basal planes occurs prior to the
application of the tensile stress. Different amounts of
plastic shear strain along the basal planes were introduced
into six specimens {numbers 34, 35, 38, 39, 41, and 45) by
pplying torque sbout the axis of the specimens. The torgue
was removed and tensile stress was applied normal to the
basal planes at a rate of 300 Eb/in,g min until the solder
bonds failed by fracture.
Two of the specimens (numbers 34 and 35) had SR-4

cages on their surfaces during the introduction of shear
strain on the basal planes. These gages remained on the

3

surface during the tensile test. The other four specimens
(numbers 38, 39, 41, and 45) did not have any gages on

their surfaces during the introduction of shear strain
on the basal planes. SR-4 gages for measuring tensile

strain normal to the basgal planes were placed on these
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four specimens after the application of torgue but before
the application of tensile stress.

Table I summarizes the test procedure employed for
each specimen and gives the diameter of the minimum cross-
section for each specimen. The number of small angle tilt

boundaries within each crystal also is listed.
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IV. EXPERIMENTAL RESULTS

A11 specimens deformed plastically before fracturing.
Thus, quantitative information on both the plastic and the
fracture behavior of zinc single crystals was obtained from

thege tests,

Plastic Deformation

A. Sliip on Basal Planes

Slip on the basal planes of zinc crystals was inves-
tigated by applying torgue about the hexagonal axis of the
crystals. A gradual increase in the tordque applied to a
crystal produced only small shear strain until the shear
stress resolved on the basal planes reached a critical
value. Large strain occurred with only a very small rate
of strain hardening after this critical shear stress was
exceeded., This typical behavior is shown in Fig. 9 (speci-
men number 45). The critical shear stress is defined as the
shear stress reguired to produce the first measurable devia-
tion from a linear stress versus strain relationship.

Several previously undeformed speclimens {(numbers 34, 35,

8, 39, 41, and 45) were subjected to pure torsion during the

o

el

t stage of

=
jods

T their tests. Fig. 10 shows the stress versus

[

strain curves for shear strain along the basal planes of
these specimens., The specimen numbers are shown at the end

of their respective curves. None of these specimens frac-

tured during the torsional tests.
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Table II contains a summary of information pertaining
to these torsional tests. The critical shear stress for z2ll
specimens except specimen number 41 is within the range from
17 to 27 1b/in.°. The relatively large magnitude of the
critical shear stress for specimen number 41 indicates
that this specimen probably was accidentally strained in
tension while being placed into the testing fixture. The
effect that such tension has upon the critical shear stress
for basal slip will be described later in this section.

The rate of strain hardening for slip on the basal
planes of zinc increases markedly for shear strains exceed-
ing 150 per cent. This behavior for a torsional test at
2500 ig shown in Fig. 11 (specimen number 20). Fracture
was not initiated by the large shear stress produced on the
basal planes in this manner,

SR-4 wire resistance strain gages bonded to the surface
of a zinc crystal were found to impede slip along the basal
planes. A specimen (number 33) was twice subjected to
torque: first with SR-4 gages on the surface and then
without gages on the surface. Fig., 12 summarizes the shear
strain behavior produced by each of the two torque applica-
tions. The first application of torgue produced only a
small (1.6 per cent) shear strain under the strain gages.

A large (32 per cent) shear strain occurred in that portion

of the crystal that was not covered by the gages, even though
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the shear stress was larger in the narrow portion of the
crystal under the gages. The second application of torgue,
when no strain gages were present, produced the maximum
shear strain in the narrow, central portion of the crystal

that previously had been covered by the strain gages.

B. Plastic Strain Parallel to the Hexagonal
Crystal Axis. (259C)

Kt

The tensile tests performed during this investigation
also provided information on the plastic behavior of zinc
crystals. A small but measurable amount of plastic elonga-
tion parallel to the hexagonal axis of a crystal was de-
tected by axially oriented SR-4 strain gages when a tensile
stress was applied normal to the basal planes at a tempera-
ture of 2506, This typical behavior is shown in Fig., 13
(specimen number 12).

The axially oriented SR-4 strain gages used to detect
the strain were sensitive both to axial elongation and to
slip along the basgal planes. The change in resistance of
these gages was directly proportional to the strain parallel
to the hexagonal axis of the crystal and was proportional to
the square of the shear strain along the basal planes. Thus,
a strain of 10"er in./in. indicated by the gages could be due
either to a tensile strain of 10”!&i in./in, parallel to the
hexagonal axis or to a shear strain of 1072 in./in. along

the basal planes.
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Three independent measurements established that the
plastic strain indicated (Fig. 13) by the exially oriented
SR-I strain gages was not due to slip along the basal planes.
The first of these measurements was made during the tensile
test of specimen number 11. Three pairs of SR-U4 strain gages
were bonded to the surface of this specimen. The positions
of these gages and their three respective Whesatstone bridge
circuits are shown in Fig. 14. The active gages of bridge A
are parallel to the hexagonal axis of the crystal and thus
are sensitive both to axial elongation and to the square of
cshear strain along the basal planes. The active gages of
each of bridges B and C are at 45 degrees to the basal planes,
These two bridges are sensitive to two orthogonal components
of shear strain along the basal planes but are not gsensitive
to elongation parallel To the hexagonal axis. A tensile
stress was applied parallel to the axis of the specimen,
and simultaneous measurements of strain were made with all
three bridge circuits. Fig. 15 shows the strain indicated
by each bridge circuilt (A, B, and ¢) as a function of the ten-
sile stress applied parallel to the axis of the sgpecimen. The
dotted curve in Fig. 15 shows the square root of the plastic

strain indicated by bridge circuit A. Tf basal slip had been



Positions of SR-4 Strain Gages on Specimen Number 11

Dummy > Dummy > Dummy >
Dummy Dummy Dummy
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Parallel to Axis in B direction in ¢ direction

Fig. 14 The positions of the SR-4 Strain Gages and their
three Wheatstone Bridge Circults for Specimen
Number 11.
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an important factor in producing the plastic strain detected
by the gages parallel to the hexagonal axis (bridge circuit
A), then the strains indicated by the gages that were at

L5 degrees to the basal planes (bridge circuits B and C)
would have been approximately egual to the square root

(the dotted curve in Fig. 15) of the strain indicated by
bridge circuit A, Actually, the strains indicated by bridge
circuits B and C for any given stress were slightly less than
the strain indicated by bridge circult A,

The second indication that slip on the basal planes was
not an important factor in producing plastic deformation
during the purely tensile tests was provided by the test
of specimen number 37. The SR-4 strain gages orilented
parallel to the axis of this specimen indicated a plastic
strain of 0.007 in./in. at the end of the tensile test. If
slip along basal planes had been the important factor in
producing the plastic strain indicated by the gages, a shear
strain of 0,085 in./in. along the basal planes would have
been required. A shear strain of this magnitude would have
laterally displaced the ends of the specimen assembly by
0.065 in., assuming that the shear strain along the basal
planesoccurred over a 3/4 in. length of the test crystal,
The actual amount of this lateral displacement was measured
after the tensile ftest was completed; and this displacement
was found to be less than 0.01 in., which was the limit of
the sensitivity of the method used for measuring this dis-

placement,
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The third indication that the plastic strain detected
by the axially oriented SR-U4 strain gages was due to a true
axial elongation and not due to slip on basal planes also
was provided by the test of specimen number 37. Both the
strain indicated by the SR-4 strain gages and the total
elongation of the specimen assembly were measured during
this test., Fig. 16 shows both the stress versus strain and
the stress versus elongation relationships for this tensile
test. The specimen assembly elongated approximately 0.012 in.
during the tensile test. This elongation in the axlal direc-
tion could not have been caused by slip on basal planes, for
the basal planes were perpendicular to the axis of the
specimen,

These three independent measurements of the strain pro-
duced during tensile tests show that zinc crystals can elon-
gate plastically in a direction parallel to the hexagonal
axis., This plastic elongation implies that slip can occur
along non-basal planes with a slip direction that is neither
parallel to the basal planes nor parallel to the hexagonal
axis.

in investigation was made to determine the slip plane
and the slip direction of this newly detected non-basal slip
system. Table III lists four possible non-basal slip sys-
temg and the important characteristics of each., This in-
formation indicates that the most likely non-basal slip

system is composed of the {ii?%’ planes and the (1123) slip
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TABLE ITI

Possible Non-Basal Slip Systems for Zinc

Resolved Length of
Slip System Shear Stress Burgers Vector
o . % +
[1123] (T122) 0,417 T 2.11 a
(11231 (7011) 0.373 T 2.11 a
[1011] {(Io12) 0,499 T 2,54 a
10717 (2011) 0.309 T 2,54 g

T is the tensile stress normal to the basal planes,

+a is the atomic spacing in the close-packed direction,

directions, The (112 > directions are relatively close-
packed, and the shear stress resolved along the {3322}
planes in the (11§3> directions is relatively large. This
slip system may be further favored by the possibility of

the 1/3{11?3} dislocations forming extended dislocations by

the dislocation reaction of:

1/3[1123] — 1/6[2023] + 1/6[022 (4)

(O]
foncsmand

The surfaces of several specimens were examined with
the aid of a microscope after the specimens had been de-
formed plastically by tensile stress, but non-basal slip
lines were not detected, The lack of well defined non-

basal slip lines is not surprising, however, because slip
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would be expected to take place simultaneously on all six
of the {ii@é} planes when a tensile stress is applied
normal to the basal plane. The strain thus would be ex-
pected to form very short, intersecting slip lines tThat
would not be easily visible,.

Slip lines indicating slip on non-basal planes were
discovered on the exposed basal planes of some zinc crys-
tals that were cleaved at the temperature of liguid nitrogen.
These surfaces had been formed as part of the operation of
producing specimens from the zinc single crystals {see
Appendix D). Cleavage was produced by driving a needle
into the zinc crystal. The stresses produced by the
needle were not distributed homogeneously. Thus, slip
occurred on only a few non-basal planes, and slip lines
were plainly visible in the most severely deformed regions.
Photomicrographos of two of these regions are shown in Figs.
17 and 18 (see Appendix F). The sides of the small hexagon
peside each photomicrograph are parallel to the close-packed

{1120) directions. Two edges of a cleavage step are shown
in the lower and right hand portions of Fig. 17. These edges
are parallel to the close-packed directions, The other heavy
lines parallel to the close-packed (1120 directions are
probably traces of the intersection of twin planes with the
exposed basal planes. Fine lines, parallel to the {1070)
directions, also are present, These lines are most easily

explained as slip lines resulting from the intersection of
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{1123) {3122},type slip systems with the basal planes. The
small dots randomly distributed throughout both photomicro-
graphs are merely water stains caused by the frost that
formed on the basal surfaces after the crystals were cleaved
at liquid nitrogen temperature and are not related to the
microstructure of the crystal,

Chemical etching technigques recently developed at the
California Institute of Technology (21) can produce small
pits on the surface of 99.999 per cent purity zinc. Fig.

19 (see Appendix F) shows a few of these pits on a basal
surface. The hexagonal shape of the pits is the result of
the six-fold symmetry of the zinc crystal. The bright lines
in the pits are perpendicular to the close-packed directions.
This etching technigue was used to investigate the character
of the non-basal slip that occurred in a zinc specimen
(number 29) subjected to a tensile stress of 4,200 1b/in,2
normal to the basal planes. After the tensile test was
completed, the specimen was cooled to a temperature of -196005
and a surface parallel to the basal planes was produced by
cleaving the crystal with a needle. This surface then was
etched to produce pits. Fig. 20 (see Appendix F) shows a
portion of this etched surface. The dark, straight lines
parallel to the close-packed directions probably are the

traces of the intersection of twin planes with the exposed

basal plane. The wavy line in the lower portion of the
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photomicrograph is a scratch made by the needle. Several
linear arrays of pits parallel to the <10§C> directions are
visible, suggesting that the pits represent dislocations
lying on {iiéé‘ type planes. The linear arrays probably

were produced by the non-homogeneously distributed stress
associated with the cleaving of the crystal. Another surface
parallel to the basal planes was produced from the same specil-
men by cutting the crystal with the special acid saw (see
Appendix B). This method of producing a surface did not
introduce any plastic deformation. Consequently, the zinc

at the surface is representative of the zinc crystal plas-

tically deformed by a tensile stress of L,200 1b/in.” normal
to the basal planes. This surface alsc was etched to produce
pits. Fig. 21 (see Appendix F) shows a portion of this
etched surface. The pits are distributed randomly, suggest-
ing that the tensile stress applied normal to the basal
planes produced slip on all six possible {EiEé' planes
kwithout favoring any particular one.

The detection of a plastic elongation in a direction
parallel to the hexagonal axis of zinc and the observation
of slip lines and linear arrays of etch pits on the basal
surface of zinc suggest that slip can occur on a non-basal
slip system, probably along the {Eizé} planes in the {1123)
directions. Several characteristics of this non-basal slip

system were determined during this investigation. The ini-

tial portion of the tests of several specimens {(numbers 12,
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21, 27, 28, 29, 37, and 46) consisted of applying a tensile
stress normal to the basal planes of zinc crystals that had
not previously been strained in any way. The tensile stress
versus strain curves for these specimens are so similar that
they all lie within a narrow band. The limits of this band
are shown in Fig., 22, The individual stress versus strain
curves overlap each other, making it impractical to include
each curve in Fig. 22, The characteristics of the individual
tensile tests are listed in Table IV. None of these purely
tensile tests at 2500 produced fracture in the narrow gage
section of the specimens.

A compressive stress normal to the basal planes of zinc
also produces slip on non-basal planes. A specimen (number
44) was subjected to a compressive stress of 2,500 lb/in.g.
The stress then was removed. The compressive stress versus
strain curve for this specimen is shown in Fig. 23. A
typical tensile stress versus strain curve (specimen number
37) also is shown in Fig. 23 for comparison purposes. Both
curves are shown as having positive values, thus facilitating
comparison. The strain behavior in compression is quite
similar to the strain behavior in tension. The surface
of specimen number 44 was examined with a low power binocular
microscope after the completion of the compressive test.
Evidence of twinning was not observed. The lack of abrupt
changes in the compressive stress versus strain curve also

indicates that twinning did not occur.
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5 tensile stress was applied normal to the basal planes
of specimen number 4l after the completion of its compressive
test. Both the compressive and tensile stress versus strain
curves for this specimen are shown in Fig. 24, Both curves
ave shown ag having positive values in order to facilitate
comparison, and the tensile curve has peen offset so as not
to interfere with the compressive curve. The strain harden-
ing induced during the compressive test was effective in
raising the tensile stress required to produce plastic de-
formation during the tensile test. However, the magnitude
of the critical tensile stress for yielding was less than
the maximum magnitude of the compressive stress applied
during the compressive test.

C. Plastic Strain Parallel to the Hexagonal
Crystal Axis. (-77°C)

A plastic elongation parallel to the hexagonal axis
of a zine crystal also is produced by a tensile stress
normal to the basal planes at a temperature of ~7TOC. The
tensile stress versus strain curve for a speclmen (number
07a) tested at -77°C is shown in Fig. 25. A typical
stress versus strain curve of a tensile test { specimen
number 37) at QSOC also is included in Fig. 25 for com-
parison purposes. The rate of strain hardening at w??OC
is approximately 4 x 10° 1b/§n.2 per in./in., which 1is

less than half of the rate of strain hardening at 2506*
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. ) .
The tensile testsat -77°C were terminated when basal cleav-

age occurred in the narrow gage section of the crystals.

D, Interactions Between Basal and Non-Bagal Slip

The basal slip system and the newly detected non-basal
slip system are not independent of each other; slip on either
one of these two systems can affect appreciably the subsequent
stress versus s8train behavior for slip on the other system.
Tﬁ@ tests showing this interaction between the two slip
systems can be divided into two categories: those tests
in which the non-basal slip system was activated first,
and those tests in which the basal slip system was activated
first,

The slip on non-basal planes produced by applying &
tensile stress normal to the basal planes 1s very effective
in raising the magnitude of the critical shear stress re-
quired to produce slip on the basal planes. Slip along non-
basal planes was produced in each of several specimens
(numbers 21, 26, 27, 28, 29, 30, 44, and 46) by applying a
tensile stress normal to the basal planes. The tensile
stress remained on each sgpecimen while a shear stress along
the basal planes was applied. The stress versus strain
behavior produced by the tensile stress normal to the
basal planes has already been desgcribed in previous para-
graphs (Fig. 22, Table IV). The stress versus strain
curves produced by the shear sftress along the basal planes

are shown in Fig. 26. The two numbers listed to the right of
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each curve represent the tensile stress normal to the basal
planes and the specimen number, respectively.

The guantitative information provided by these tests
shows that the critical resclved shear sbtress reguired Lo
cauge slip on basal planes may be increased by a factor of
at least 40 as the result of strain hardening caused by
slip on non-basal planes. The information pertaining to
these tests is summarized in Table V. Fig. 27 shows the
linear relationship between the critical shear siress re-
guired to produce slip on basal planes and the value of the
tensile stress normal to the basal planes. Fig. 28 shows
the relationship between the critical shear stress required
to produce slip on basal planes and the amount of plastic
tensile strain produced prior to the application of shear
stress zlong the bassl plane,

These tests also provided information about the forma-
tion of slip bands in zinc. Slip bands were formed parallel
to the basal planes during the torsional portion of each
test. The character of these bands, however, was not the
same for all specimens. The slip bands were very fine and
closely spaced on the specimens that did not previously have
a tensile stress applied normal to the basal planes., These
fine bands could be seen only with the aid of a low power
microscope and were not distinet with even the best viewing

conditions. Slip bands that were coarse and easily seen
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with the unaided eye were formed when an applied torgue
produced slip along basal planes after a large tensile stress
had been applied normal to the basal planes, Fig. 29 (see
Appendix F) shows coarse slip bands along basal planes in a
specimen (number 30) that had been subjected to torque

after a tensile stress of 4,200 1b/in.2 had been applied
normal to the basal planes, The curved line running along
the length of the specimen is a pencil line that was straight
before the torsion test. The displacement of this pencil
line is discontinuous at the slip bands, indiciating that
most of the plastic deformation was caused by slip occurring
within these visible slip bands.

Tests conducted during this investigation also show that
slip produced along basal planes can be effective in raising
the tensile stress versus strain curve for subsequent slip
along non-basal planes that is produced by applying tensile
stress normal to the basal planes. Slip on basal planes
was produced in several specimens (numbers 38, 39, 41, and 45)
by applying torgue about the hexagonal axis of the crystal,

A tensile force then was applied normal to the basal planes,
The stress versus strain behavior of slip on basal planes
has already been described in previous paragraphs (Fig. 10,
Table II). The stress versus strain curves for subsequent
tensile stress applied normal to the basal planes are shown
in Fig. 30. The two numbers at the termination of each

curve represent the maximum amount of previously introduced
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shear strain along the basal planes and the number of the
specimen, respectively. The tensile stress versus strain
curve of a specimen {(number 37) that did not have slip on
the basal planes prior to the tensile test also is included
in Fig. 30 for comparison purposes. Each of these tensile
tests was ended by the fracture of a solder bond, not a

fracture in the narrow gage section of the crystal.

Eﬁacture

Fracture of the zinc single crystal specimens occurred
by cleavage along basal planes. Many specimens fractured
near a solder bond. The other specimens fractured within
the narrow, central portion of the test crystal when either
of two test conditions existed: 1) a pure tensile stress
normal to the basal planes at a temperature of u7700, or
2) a combination of tensile stress normal to the basal
planes and shear stress along the basal planes at a tem-
perature of 2500 while SR-4 strain gages were bonded firmly

to the surface of the crystal.

&. PFracture Near a Solder Bond

Several specimen assemblies failed by fracturing
near a solder bond rather than in the narrow central portion
of the test crystal. An inspection of each of these frac-
ture surfaces consistently revealed two things. First, the
fracture did not go through the solder, but occurred in the

zine crystal at a very small distance {(less than a few



m?gm

thousandths of an inch) from the solder. Second, the solder
bonds were very inhomogeneous, containing gas bubbles and
particles of entrapped flux. A photograph of one of these
fracture surfaces is shown in Fig. 31 (see Appendix F). The
dark, irregular areas are voids that did not contain suf-
ficient solder to provide an effective bond in these regions.
The light surrounding area is a cleaved basal plane of the
zine crystal. Although a considerable amount of time was
spent in trying to find a better method of bonding the
specimen assemblies, the soldering method described in
fppendix D and typified by the type of bond shown in Fig,.
31 (see Appendix F) produced the best bonds that could be
obtained. The inhomogeneities of the solder bonds produced
large stress concentrations in the zinc near the bonds,
Large shear stress and large tensile stress certainly must
have existed near the voids at the time of fracture, but
the difficulty of estimating the magnitude of this stress
makes it impossible to obtaln any significant quantitative
information about fracture of zinc crystals from the failure
of the bonds themselves.

The tests of the specimen assemblies that fractured
at a solder bond do provide some guantitative information
on the fracture behavior of zinc crystals, however, be-
cause they show that zinc crystals are able to withstand
relatively large nominal stress without fracturing at the

gage section. A pure shear stress of 1,000 1b/in.2
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resolved along the basal planes with a resulting shear
strain of 350 per cent did not produce fracture {specimen
number 20). A pure tensile stress of 6,200 lb/im,g normal
to the basal planes did not fracture a specimen (number 37)
that had not been deformed prior to the application of
tensile stress. A pure tensile stress of 6,900 lb/in.g
normal to the basal planes did not fracture a specimen
(number 45) that had a maximum shear strain of 50 per cent
along the basal planes prior to the application of tensile
stress. A tensile stress of 5,000 lb/in,g normal to the
basal planes, followed by the application of a shear stress
of 970 lb/in.z resolved along the basal planes while the
tensile stress was still present did not produce fracture
(specimen 26). A test sequence (specimen number 30) of

a tensile stress of 4,200 1b/in.2, followed by the applica-
tion of a shear stress of 800 1b/§n.2 while the tensile
stress was still present, followed by the increase of the
tensile stress fto 7,200 1b/in.2 while the shear stress was
still present did not produce fracture. A maximum shear
strain of 200 per cent along the basal planes was produced
within some of the slip bands of this crystal during the
application of shear stress (Fig. 29, Appendix 7). All of
these various tests indicate that neither shear stress
along the basal planes nor slip along the basal planes

is a sufficient condition for significantly lowering the

magnitude of tensile stress normal to the basal planes

required to produce basal cleavage.
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B. Effect of Surface Restraint on Fracture

The combination of tensile stress normal to the basal
planes and shear stress along the basal planes was effective
in producing fracture at a temperature of 2500 when SR-4
strain gages were firmly bonded to the surface of the crys-
tal, Table VI lists information about the tests of the
specimens that fractured under these conditions. The ef-
fectiveness of the SR-4 strain gages in aiding fracture may
have been due to their ability to impede slip along the
basal planes, Three of the specimens (numbers 21, 28, and
20) listed in Table VI had SR-4 strain gages that were
oriented for measuring shear strain along the basal planes.
The shear strains indicated by these gages are smaller than
the maximum shear strains measured by means of the pencil
lines, even though the nominal value of the shear stress
under the SR-4 gages was at least as large as the shear
stress in the region of maximum shear strain., The test
of specimen number 33 (Fig. 12) also indicates that SR-4
gages bonded to the surface of a zinc crystal are effective
in impeding slip on basal planes.

Fracture was initiated at the edge of a strain gage in
at least one of the specimens (number 44), The fracture
surface of this specimen is shown in Fig. 32 (see Appendix
F). This surface contains a distinct river pattern of

cleavage steps that may be used to locate the origin of the
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fracture, The cleavage step patterns on the fracture sur-
faces of the other specimens that fractured with SR-U4 strain
gages on their surfaces were not as distinct as the pattern
on specimen number 44, but these cleavage step patterns
suggest that these fractures also may have started near

the strain gages.

C, Effect of Temperature on Fracture

Two specimens were subjected to a pure tensile stress
normal to the basal planes at a temperature of m??oC. One
of these specimens (number 27a) fractured at a tensile stress
of 2,250 1b/in.2; the other specimen (mumber 49) fractured

2 (Fig. 25). A similar

at a tensile stress of 2,500 1b/in.
specimen (number 37) subjected to a pure tensile stress of
6,200 1b/in.2 normal to the basal planes at a temperature

of 2500 did not fracture.



V. DISCUSSION

-

The plastic deformation occurring in zinc crystals

A

prior to fracture initiation has a complex character. Slip
can occur both on basal planes and on non-basal planesg, and
strong interactions will occur between dislocations moving
on intersecting slip planes. The distribution of stress in
the wvicinity of interacting dislocations should have an
iﬁportam@ influence on fracture initiation. Thus, a thor-
ough understanding of plastic deformation 1is required belore

the process of fracture initiation can be understood.

Plastic Deformation

£, Siip on Basal Planes
S1ip in zinc crystals occurs most readily along the

basal (0001) planes. This slip may take place in any of

the three crystallographically equivalent 1120 directions.
The characteristics of this slip system have been studied
by several investigators (17,18,22,23). The shear stress
required to produce slip on the basal planes generally is
quite small, but it depends somewhat upon the crystallo-
graphic perfection (22) and the purity (18) of the crystal.
A shear stress of from 20 to 40 1b/in,2 resolved along the

basal planes is required to produce slip along the vasal

planes in 99.999 per cent purity zinc, The rate of strain

e

1

. : ~ On s o
hardening at a temperature of 25°C is small for small shear
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straing but increases for shear strainsg exceeding 150 per

cent {23)., The characteristics of the slip produced along

T3

the basal planes of previously undeformed crystals during

{

this investigation agree qguite well with those of the pre-

vious investigators. This agreement is evidence that the

mechanism of slip along the basal planes produced by apply-

o

ing a torgue about the hexagonal axis is similar to the

b

mechanism of slip produced by applying a shear stress uni-

formly over the basal planes.

B. Slip on Non-Basal Planes

Plastic deformation of zinc will occur when elther a
purely tensile or a purely compressive stress is applied
normal to the basal planes. This deformation implies that
slip can occur along non-basal planes with a slip direction
that is neither parallel to the basal planes nor parallel
to the hexagonal axig. The results of the experiments con-
ducted during this investigation show that the most likely

non-hasal slip system conglsts of slip along The 1122
£ . L)

5), also have recently found evidence of
s1ip on non-basal planes in zinc. Bell and Cahn (24) pre-
pared several cylindrically shaped zinc crystals 0.05 in.

in diameter, with the basal planes approximately parallel

e

to the axis of the cylinder. engile stress was applled

-
i

anes, and a smal

foud

parallel to the basal p 1 plastic deforma-

g

tion occurred. Non-basal slip lines were noticed on some
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of these specimens., Bell and Cahn tested at least thirty-
two specimens, but only four of these specimens had non-
basal slip lines that were "sufficiently bold and continu-
ous to permit their crystallographic identification.”

Bell and Cahn concluded that slip probably occurred on the
{1122} planes in the (1123) directions. However, they
believed they detected a slight departure from the {1322}
planes and suggested that the slip may possibly occur along
2 s8lip plane that is crystallographically irrational.

Gilman (25) prepared several cylindrically shaped zinc
crystals 0.15 in, in diameter, with the basal planes approxi-
mately parallel to the axis of the cylinder. Tensile stress
was applied parallel to the basal planes of some of these
crystals, and compressive stress was applied to others.
Gilman did not detect plastic deformation in the tensile
tests, but he did detect plastic deformation in the compres-
sive tests. He first concluded that the plastic deformation
was a form of "micro-kinking," but he later (27) decided
that the plastic deformation may have been caused by slip
on {1122} planes.

Price (26) has deformed thin (<:%gp) zinc whiskers and
platelets within an electron microscope and has studied the
resulting motions of individual dislocations by the electron
transmission technigue., He found dislocations with Burgers
vectors of the 1/3 (11§3> type. Most of these dislocations
moved along {1122} planes; but a few were found to move along

{1@11} planes, which also contain the {1173) directions.
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The possibility of slip along {112%} planes in zinc
thus has been established in this investigation and in three
other recent investigations. The information provided by
these investigators indicates that slip along {ii?? planes
in zinc generally is complex. Some of the information pro-
vided by these investigations appears to be contradictory.
Additional experimental study of this slip system in zinc
will be required before this slip can be fully understood.
However, the presently available information does provide
some understanding of this mode of deformation.

Slip will occur along the non-basal {3122} planes only
if the shear stress resolved along these planes exceeds a
critical magnitude., This critical shear stress is not the
same for all zine crystals, Slip occurred along non-basal
planes in specimens of this investigation when the tensile
stress normal to the basal planes exceeded 250 to 650 lb/inmg,
This range of tensile stress corresponds to a range of shear
stress resolved along the {1322} planes of 100 to 270 lb/in.g,
A compressive stress of the same magnitude applied normal to
the basal planes also produced slip along non-basal planes.
This investigation thus indicates that the critical stress
reguired to produce slip along the non-basal planes in
zine is independent of the direction of the applied stress,

Gilman (25), on the other hand, concluded from his
experiments that the critical stress required to produce

deformation along non-basal planes may depend upon the



direction of the applied stress A compressive stress ap-

plied parallel to the basal pil

L

nes produced slip on non-basal
planes when the shear stress resolved along the non-basal
planes reached a stress of 200 lb/iﬁ,ge A tensile stress
applied parallel toc the basal planes did not produce any
detectable slip on the non-basal planes for a resolved shear
1igh as 2,200 1b /7m,}, the upper limit to the
tensile stress in thig type of test being limited by the

initiation of twinning,

Pell and Cahn (24) alsoc applied tensile stress parallel

w

to the basal planes of several zinc crystals. Slip on non-

-

1

i

basal planes was not detected until the regs resolved

o]

e

*”ﬁ

EH A

<

along the non-basal planes exceeded a critical stress of from

Lo

O to 2,000 lb/i“.a, with the twinning stress being aboutl
twice this magnitude. Bell and Cahn compared these results
with the experimental results obtained by Gilman and also
suggested that this newly detected non-basal slip system
in zinc may be anomalous in that it exhibits plastic prop-
erties that are different in tension and in compression.
However, the results of the present investigation indicate
that the differences in the critical stress detected by
Gilman and Bell and Cahn probably were the result of thelr
method of testing the zinc crystals and do not indicate a
basic property of the <11§3> {iiQQ} slip system.

The rate of strain hardening for slip along the non-

planes is very large. Stress applied normal to the

fon]
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[}
)
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basal planes at a temperature of 2500 produces a rate of

strain hardening of approximately 7.5 x 105

1b/in,2 per
in,/in,, which is 15 per cent of Young's modulus in the
direction parallel to the hexagonal axis of the crystal.

A rate of strain hardening this large is unusual for slip

in metallic single crystals. Stress applied normal to the
basal planes of zinc produces slip simultaneocusly on all six
intergecting {ii?£§ planes. Thus, the large rate of strain
hardening may be explained partially by the large number of
interactions that will cccur between dislocations moving on
intersecting slip planes.

A quantitative comparison of the results of this in-
vestigation with the results of Gilman's investigation (25),
however, suggestsg that the number of intersecting active
slip planes may not be the only factor leading to the large
rate of strain hardening for non-basal slip in zinc. Gilman
applied compressive stress parallel to the basal planes of
several zinc specimens. This stress was applied parallel
to a close-packed [1120] direction for some specimens,
producing slip simultaneously along two equally stressed
{Ei?@- planes. These specimens had a rate of strain harden-
ing of 1.1 x 106 1b/in.2 per in./in, Other zinc specimens
were tested by applying compressive stress parallel to the
hasal planes zalong a [1T00] direction, thus producing slip
simultaneously along four equally stressed 1122} planes.

The latter specimens had a rate of strain hardening of



o o anD aesan 2 o . . -
3.8 x 107 1b/in.” per in./in. Slip was produced simultane-

ong six equally stressed {;igg planes during The

tests of the present investigation. These specimens had a
e 62

rate of strain hardening of only 0.75 x 10~ 1b/in. per

in./in. A detailed analysis of the total number of secondary

slip systems that could be expected to operate under each of

these three different stress orientations also shows that the

greatest amount of cross-slip would be expected when the

stress is applied normal to the basal planes. Thus, the
number of active slip planes does not appear to be the only
factor in determining the rate of strain hardening for sliip
along non-basal planes. The other factors involved in pro-
ducing a high rate of strain hardening are not known. The
nominal purity of the specimens was the same for all cases.
The testing temperature and the strain rates also were
similar. The diameters of the specimens were not all the

1

same, but this investigation shows that the specimen's di-
ameter is not an important Tactor in determining the rate of
strain hardening for slip on non-basal planes,

The temperature dependence of the rate of strain

hardening for slip along {1122} planes in zinc is anomalous.

o ”F‘

In most metals the rate of strain hardening increases wiltl
decreasing temperature, and this behavior certainly is true
for slip on the basal planesg of zinc (17). However, the

rate of strain hardening for slip along the {3322} planes

of zince decreases with decreasing temperature. Thus, tThe



total plastic strain produced by a given stress was found
v s oy O 3 ~ -

C than at -77°C. Gilman (25) also found
that the rate of strain hardening for slip along non-basal

planes decreases with decreasing temperature, his tests

covering the temperature range from wihO C to +1507C,

¢, Interactions Between Basal and Non-Basal Slip

]
fd

;

-

system and the newly detected non-basal

P

The basal
s1ip system are not independent of each other. Slip along

the 1122 planes can be very effective in producing ob-

ﬁ

stacles to the movement of dislocations on the basal planes
These obstacles may ralse by a factor of at least Lo the
critical resolved shear stress required to produce slip on
the basal planes. The rate of strain hardening for slip
lanes after the critical shear stress is exceeded
is not appreciably affected by prior slip on non-basal plane
This type of behavior is in agreement with Mott's
suggestion (28) that hexagonal crystals may contain a high
ensity of relatively immobile dislocations parallel to the
hexagonal axis. This prediction was deduced from the known
characteristics of slip along the basgal planes of zinc and
was made prior to the discovery of slip along non-basal
planes in zinc. The discovery of slip on
suggests that the relatively immobile dislocations probably
re 1/3 (31”“> screw dislocations. Mott based his predic-

tion on a suggestion by Cottrell (29) that an array or
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“forest" of dislocations intersecting 2 slip plane can pro-

9]
o
6]
[
jode
O
-
o]

vide an effective barrier to the movement of disl

along the slip plane. This resistance to movement 1s de-

pendent upon the energy required to produce Jogs in the

jislocations. Seeger {(30) has pointed out that the details
of this type of interaction can be very complicated. The

o)

number of Jjogs formed may be zero, one, or two, depending

-

upon the type of dislocations involved. The energy required

EANEW

to form bthese Jjogs will depend strongly on the magnitude of
the Burgers vector of the dislocations and on whether or not
the dislocations are extended.

The quantitative analysis made by Cottrell and by Mott
has been restricted to the simplest case. For this reason,
the analysis can be used only for estimating the order of
magnitude of the critical shear stress required to produce
slip on a crystallographic plane. Cottrell and Mott esti-
mated that the critical shear stress should be approximately

equal To:

atb

-
i
Ch
&\
St

where frc is the critical shear stress, G is the shear
modulus, b is the magnitude of the Burgers vector, d is
the average spacing between the dislocations that intersect
the slip plane, and o is a numerical constant approximately

equal to two.
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This theoretical expression relating the critical shear
stresgs to the dislocation content may be used for estimating

the average spacing between the non-basal dislocations in th

O
s}
b
3
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%
8
e
-

zinc specimens deformed in this investd

L..l

gatl
2t was subljected to a tenslile stress

of 4,200 lb/in,g normal to the basal planes subseduently re-
quired a shear stress of 750 1b/in,2 to produce slip along
the basal planes. The average spacing between the non-basal
dislocations produced by the applied tensile stress tThus
should be of the order of magnitude of aGb/trc, or iomh in.
Fig. 21 (see Appendix F) is a photomicrograph of an etched
basal plane of this zinc specimen. The pits may represent
the intersection of non-basal dislocations with the basal
plane, The predicted spacing of 10”}4 in. corresponds to
approximately 1/16 in. in Fig. 21. The minimum spacing of
the pits shown in this photomicrograph certainly is of this
order of magnitude, but the average spacing is considerably

mind when

{"3

larger. However, two things must be kept ir

comparing the photomicrograph with the theoretical predic-

&

tion. First, the technique for producing pits on the basal

surface of zinc was not developed until several days after
the specimen shown in Fig. 21 (see Appendix F) had been

tested, and the dislocation density may have decreased
during this time. Second, the etching technique is not yet
fully developed, and etch pits may not have been produced

at every dislocation.
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Seeger's theoretical approach to the problem of the
critical shear stress required to produce slip included a
consideration of the effect of thermal fluctuations. He
concluded that the expression proposed by Cottrell and by
Mott is valid only at very low temperatures, The critical
shear stress required to cause slip should decrease slightly
as a linear function of increasing temperature. The tem-
perature dependence predicted by Seeger was not observed
in the present investigation because the torsional tests were
conducted at only one temperature. However, the testing
methods developed for this investigation could be used for
checking Seeger's prediction, This would be accomplished
by introducing a known density of non-basal dislocations
into several specimens and then testing these specimens in
torsion at different temperatures. These tests could be

made as part of the second program suggested in Appendix E.

Fracture

Fracture of zinc single crystals occurs by cleavage
along basal planes. The nominal magnitude of the tensile
stress normal to the basal planes at the time of fracture
is not the same for all test conditions., Thus, this tensile
stress is not the only important factor in producing frac-
ture of zinc., Temperabture, plastic deformation, and the
shear stress along the basal planes are all additional
factors that affect the initiation of fracture. The re-

lationship between all of the factors affecting fracture
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is complex, and the exact atomic mechanisms leading to frac-
ture cannot be determined from the presently available ex-
perimental evidence. Nevertheless, the quantitative re-
sults of this investigation, combined with the results of
other investigations, may be used to evaluate the theoretical
models that have been proposed previously to explain the
initiation of fracture in zinc,

The earliest criterion for predicting the basal frac-
ture of zinc is Sohncke's Normal Stress Law (16). This
law predicts that cleavage will occur whenever the stress
normal to the cleavage plane reaches a particular critical
magnitude. An early investigation (16) indicates that the
eritical cleavage stress for zinc has a magnitude of 300
1b/in,2 and is nearly independent of temperature and plastic
deformation. The present investigation, however, shows that
Sohncke's Law is not a valid criterion for predicting frac-
ture of zinc. A tensile stress of 7,000 1b/in.2 normal to
the basal planes was not sufficient to produce fracture in
at least one specimen. Furthermore, the stress normal to
the basal planes at the time of fracture has been found to
vary greatly with both temperature and plastic deformation.
The results of recent investigations by Deruyttere and
Greenough (13) and by Gilman (14) also conflict with
Sohncke's Law. The information now available shows that

Sohncke's Law was based upon a much too limited range of



experimental variables and thus cannot serve as a general
eriterion for predicting the cleavage of zinc crystals.

Two theoretical models of fracture initiation based
upon dislocation interactions previously have been suggested
for zinc single crystals (11,13). Both of these models are
restricted to interactions between dislocations on basal
planes., This limitation was due to the belief that slip on
basal planes is the only important form of plastic deforma-
tion in zinec crystals. The quantitative results of this
investigation do not agree with predictions based on these
models, Furthermore, the discovery of slip on non-basal
planes suggests that other dislocation interactions may
occur, The previously proposed models of fracture initia-
tion in zinc thus need to be re-examined,

The presence of basal tilt boundaries in zinc crystals
has been considered an important factor in producing cracks
along the basal planes. Orowan (31) has pointed out that
there is a large tensile stress normal to the slip plane
at the termination of a tilt boundary within a crystal.

The magnitude of this stress depends upon the angle of the
tilt boundary. Friedel (32) has shown how such a terminat-
ing wall may be formed by slip along a slip plane and has
estimated that cleavage will be initiated if the angle of
the tilt boundary exceeds 5 degrees., This mechanism of
crack formation is illustrated in Fig. 33. Stroh (11) has

expanded the quantitative approach; and by making certain
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assumptions, he transformed the theory into a form that com-
pares favorably with the zinc fracture results obtained by
Deruyttere and Greenough (13). |

Stroh treated the problem by considering the balance
between various energy terms and did not calculate explicitly
the stress assoclated with the initiation and propagation of
a crack,

Stroh based his theory on the following assumptions:

1) A wall of edge dislocations can be separated into
two segments by a shear stress on the basal planes.
A small crack along the active slip plane willlbe
initiated by the large stress at the newly formed
ends of these segments.

2) 'The distance between the two wall segments ( x in
Fig. 33) is determined by the balance between the
forces of attraction of the dislocations in fthe
wall segments and the force of separation caused
by'the externally applied shear stress, Thus, the
length of the crack is a function of the shear
stress on the basal planes.

3) The crack will spread catastrophically by the
Griffith mechanism if it exceeds a certain critical
size. This critical size 18 determined by the
magnitude of the stress normal to the basal planes,

4) The stfess concentration at the end of a disloca-
tion wall or at the tip of a crack on the basal

planes will not be reduced by plastic flow.
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These assumptions enabled Stroh to derive for the

condition of fracture:

(T-7,)0L >K (6)

‘where 7 is the shear stress on the basal planes, Tc is the
critical shear stress required to cause slip on the basal
planes, & is the tensile stress normal to the basal planes,
and L is the height of the disloéation wall. The right hand
pértidn, K, of this expression is a constaﬁt that depends
only upon the physical properties of zinc crystals. Stroh's
calculations show K to have a theoretical value of 4,000
lbg/in.3. Stroh applied his theory to the test results of
Deruyttere and Greenough (13) and obtained an experimentally
determined value of K of 3,000 1b2/in.3.

The test results of the present investigation show that
Stroh's simple theoretical model cannot provide a general
explanation of the fracture of zinc single crystals for all
conditions. Large tensile stress normal to the basal planes
and large sheér stress on the basal planes can exist si~
multaneously without producing basal fracture. The applica-
tion of Stroh's theory to the test result of a specimen
(number 30) that contalned a tilt boundary of 0.20 degree
indicates the experimentally determined value of K can ex-
ceed 5 x 106 1b2/in.3. This is three orders of magnitude
larger than Stroh's theoretical value of K. The fact that

fracture did not occur in this specimen agrees with Friedel's
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prediction that fracture cannot be initiated by a tilt
boundary unless the angle exceeds a critical magnitudé.
The magnitude of the critical angle predicted by Friedel
(5 degrees) is 1arger than the tilt boundary angles normally
found in carefully grown zinc crystals, Thus, Stroh's ver-
sion of this theory may be applicable only if large angle
tilt boundaries are produced during plastic deformation.

The discovery of slip on non-basal planes in zinc
also is important in evaluating the general applicability
of Stroh's assumptions. Stroh apparently was unaware of
the possible existence of slip on non-basal planes and of
the large effect this slip can have upon the critical shear
stress required to cause slip on basal planes. He assumed
that the critical shear stress,7‘c, required to cause slip
on the basal planés has‘a constant value of about 75 1b/in.2,
independent of the magnitude of the tensile stress normal to
the basal planes. This investigation shows that the critical
shear stress can have a marked dependence upon the tensile
stress normal to_the basal planes. The discovery of slip on
non-basal planes'also shows that the large stress concentra-
tion at the end of a wall of dislocations or at the tip of a |
crack can be reduced by slip along non-basal planes.

Fracture occurred in some of.the specimens of this
investigation under conditions not predicted by Stroh's
model. Many specimens with SR-4 strain gages on their sur-

faces fractured even though they contained only relatively
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small basal'tilt boundaries. The specimens tested at —77°C
fractured without_shear stress on the basal planes. Further-
more, the tensgile stress required to produce fracture is
smaller at —77°C than at 25°C. The simple disloéation model
considered by Stroh does not provide a ready explanation for
this temperature dependence.

Another dislocation model to describe the initiation
of fracture in zinc was suggested by Bullough and expanded
by Deruyttere and Greenough (13) and by Gilman (14) in an
effort to provide an interpretation of thelr respective test
results. This model is based upon a modified form of
Griffith's theory that states that part of the énergy needed
to form a crack can be provided by the strain energy associ-
ated with dislocations. The density of dislocations would
have to be extremely large in the region of the incipient
crack for this mechanism to be successful. Such a large
density of dislocations might occur in zinc whenever shear
stress on the basal planes forces a long queue of basal dis-
locations against a strong barrier, If the shear stress is
large enough, the dislocations may become so densely packed
that their strain energy alone is sufficient to start a
basal craék. However, the density of dislocations would not
have to be this large if an externally applied tensile stress
normal to the basal planes is present. The macroscopically

distributed strain energy associated with this externally
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applied stress could provide part of the energy needed to
form the crack:. The operation of this crack forming mech-
anism is represented in Fig. 34,

This theoretical model requires barriers to slip that
éré strong enough to permit the formation of long queues
of dislocations. The SR-4 strain gages may have been in-
strumental in forming dislocation queues during the room
temperature tests of this investigation. This model is
thus qualitatively consistent with the observed results.
Gilman believed that the necessary obstacles in his speci-
mens were provided by the brass grips that were soldered to
each end of his specimens. Deruyttere and Greenough could
not identify any obstacles that could satisfactorily explain
the fracture of their zinc specimens.

A quantitative analysis of the stress that would be
required to produce fracture in zinc by this mechanism
raises doubt about the usefulness of the model. Deruyttere
and Greenough were not satisfied with the quantitative
comparison between the predictions of this theory and their
experimental results. Gilman, on the other hand, belleved
that this theory was quantitatively self-consistent with
at least part of his experimental results. He developed

an expression for the fracture condition:

ToD >N (7)

where T is the shear stress on the basal planes, o is the
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tensile stress normal to the basal planes, D is the length
of the glide plane, and N is a constant that depends upon
physical properties of zinc crystals. Gilman estimated the
value of N to be about 3 x 1OlL lbz/in.3.

The application of Gilman's fracture condition to the
results of the present investigation requires a knowledge of
the effective length of the glide planes in the torsional
specimens. The non-uniform distfibution of éhear stress
within a torsional Specimen with SR-4 gages on the surface
makes it difficult to estimate this length. Furthermore,
slip on non-basal planes produces obsﬁacles to basal dis-
locations and these obstacles may influence the formation
of dislocation queues. Consequently, the. deformation pro-
duced in the specimens of thié investigation is too complex
to be analyzed quantitatively by the simple method used by
Gilman.

The tests at —77°C show that pile-ups of dislocations
on basal planes cannot provide a géneral explanation for
fracture initiation in zinc single crystals., Fracture
occurred in these tests even though the shear stress on the
basal planes was negligible and strong obstacles to slip
were not present in the region of the fracture. The mech-
anism represented in Fig. 34 could not have been important
in these low temperature tests,
| The results of this investigation show that neither of

these two previously suggested models provides an adequate
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description of fracture initiation in zine. TFracture was
found to occurunderconditions that afe not predicted by
either‘of these two models._ Other mechanisms, therefore,
must be important in producing fracture.

The discovery of slip along non-basal planes in zinc
now makes it possible to consider interactions between dis-
locations_moVing on intersecting slip planes. This inves-
tigation shows that slip on non-ﬁasal planes can occur
readily. for a tensile stress normal to the basal planes that
is much émaller than'the'stfess required to produce fracture,
This experimental evidence suggests that slip on non-basal
planes generally precedes the initiation_of‘fracture and may
be an important factor in initiating fracture. |

Several dislocation models involving the interaction of
dislocations on intersecting slip planes already have been
proposed to explain fracture initiation in cubic crystals.
"The discovery of slip oﬁ non-basal planes in zinc suggests
that a modified form of some of these models may be used to
describe fracture in hexagonal close-packed metals.

Zener (9) has pointed out that cracks may be initiated
by the large tensile stress present at the head of a long
‘queue of edge dislocations forced against a strong obstacle.
Stroh (10) has calculated that the tensile stress has its
maximum value along the plane that makes an angle of TO
degrees with the slip plane, A pile-up of edge dislbcations

on a (1122) plane in zinc thus must produce a large tensile
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stress normal to the basal planes. This stress might be

large enough to initiate a crack. A pile-up of edge dis-

locations and the resulting crack formation is shown in

Fig.'35.' A similar ﬁile-up of screw dislocations would

hot produce the tensile stress necessary to form a crack.
Stroh (10) estimated that a crack will be initiated by

a pile-up of edge dislocations whenever
nT>0.7 G (8)

where n is the number of dislocations within the pile~up,
T is tﬁ; nominal shear Stress applied along the slip plane,
and G is the shear modulus. Once_a'crack is initiated in
this manner, all the dislocations will run into it; and it
will propagate catastrophically under the influence of the
applied stress. The application of Stroh's calculations to
zinc crystals shows that a 1argé pile-up of dislocations is
required to produce fracture. For example, a tensile stress
of 4,000 1b/1n;2 applied normal to the basal planes produces
a resolved shear stress of 1,700 1b/'in.2 along the {1122}
slip planes. A pile-up of 2,000 edge dislocations on a
(1122) plane would be required to produce fracture on a basal
plane. This pile-up would be about 1/16 in, long.

The obstacles necessary for the operation of this frac-
ture mechanism must be strong enough to resist break-down
in order to allow the stress at the head of the pile-up to

become large enough to initiate fracture. Furthermore, the
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‘obstacles muét be spaced far enough apart to permit the
formation of long queues of edge dislocations. Such ob-
stacles generally are not pfesent within zinc crystals,
Thus, this mechanism cannot be important in initiating
cracks within a crystal. Although this mechanism may have
been important in this investigation in initiating fracture
at the solder bonds, the,inhomogeneity of the bonds makes
it impossible to analyze these fractures.

| Cottrell (12) has proposed a mechanism wherein edge
dislocations moving on intersecting slip planes may initiate
a crack. The operation of this mechanism is indicated in
Fig. 36, The discovery of non-basal slip planes in zinc
suggests that symmetrical pile-ups of edge dislocations on
intersecting {i122} planes may be able to initiate a crack
along the common basal plane, Howevér, there are three
reasons for believing that this is not the usual mechanism
of fracture initiation iﬁ zinc., First, this mechanism does
not account for the fact that the tensile stress required
to produce fracture can be lowered if slip along basal
planes is impedéd{ Second, long queues of dislocations on
non-basal planes would be needed to explain the low fracture
stress required for zinc crystals. The lack of well defined
non-basal slip lines on the surface of zinc crystals suggests
that long queues of dislocations generally are not formed on
non-basal planes; Third, this simple mechanism does not
explain why the tensile stress required to produce fracture

can have a large dependence upon temperature.
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Fig. 36 Practure Initiation by Parallel Edge Dislocatlons
Moving on Intersecting Slip Planes.
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. Fracture might be initiated in zinc by the combination
of basal édge dislocatibns with non-basal edge dislocations
in a manner somewhat similar to Cottrell's proposal. The
operation of this mechanism is indicated in Fig. 37. The
leading dislocation of each queue can combine readily to
form an edge dislocation with a Burgers vector, c[0001],
that is parallel to the hexagonal axis of the crystal, be-
cause this combination would result in a decrease of strain
eﬁergy. The tensile side of this.edge dislocation may be
considered as a very small crack. This small crack would
be enlarged if the other dislocations in the queues could
combine with the initially fofmed ¢[0001] dislocation. A
large stress would be required to force these dislocations
to combine. Such a large shear stress on the basal planes
would be accompanied by a similar 1arge shear‘stress on the
(1120) plane, which is the slip plane for the ¢[0001] dis-
location. Thus, the c¢[0001] dislocation probably would glide
out of fhe way before the stress became large enough to force
the other disiocations to combine. However, if the c¢[0001]
dislocation were held in position by some obstacle, then the
other dislocations on the basal plane and on the non-basal
‘plane could be forced to combine with the c¢[0001] disloca-
tion and form a crack large enough to spread by the Griffith
mechanism, This model of fracture initiation qualitatively

agrees with the fact that the tensile stress required to
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Pg. 37 Fracture Initiation by Parallel Edge Dislocations
Moving on a Basal Plane and a Non-Basgal Plane.



- 107 -

produce fracture can be lowered if slip along the basal
planes is impeded. However, it does not suggest a reason
for the marked temperature dependence of fracture initiation.

The crossing of screw dislocations also might lead to
fracture., A tensile stress normal to the basal planes pro-
duces slip on intersecting {?iEZ} planes. The crossing of
serew dislocations on these non-basal planes would produce
rows of interstitial atoms. Deformation at low temperatures
could produce a high density of interstitial atoms within a
very small volume, and these atoms could act as a wedge to
initiate a crack on a basal plane. Interstitial atoms re-
sulting from deformation at high temperatures might diffuse
fast enough to prevent the accumulation of a high density
in a small volume and therefore would be less effective in
producing fracture, This mechanism qualitatively explains
why the stress required for fracture can depend upon tempera-
ture, but it does not explain why fracture can be influenced
by an impediment to slip on basal planes.

More complex interactions involving non-basal disloca-
tions could be imagined, but the limited amount of guantita-
tive experimental data on fracture of zinc does not justify
the consideration of such detailed models at this time. The
available information on slip along non-basal planes and the
resulting types of dislocation interactions also 1s very
limited and in some cases contradictory. The unusgual tem-

perature dependence of the rate of strain hardening for slip
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along the non-basal planes suggests that the dislocation
interactions may be complex, A better understanding of the
interactiong associated with non-basal slip will be re-
guired before a satisfactory theory of fracture can be

established.
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VI. SUMMARY AND CONCLUSIONS

chanical tests were performed on zinc single

to determine the effect of plastic deformation

stress state required to produce cleavage frac-

along 2 basal plane. The important results of the

e

Cleavage fracture produced by a tensile stress
normal to the basal planes ig preceded by plastic
elongation of the crystal in the direction of the

hexagonal crystallographic axis. This plastic

o §

:
deformation probably occurs by slip on »122}

The rate of strain hardening for slip along non-
basal planes is large relative to the rate of
strain hardening for slip along basal planes,.
The non-basal slip system differs from most

3

other slip systems in that the rate of strain

nardening increases with increasing temperature
in the range Irom —7700 to 9506,

Prior slip along non-basal planes produces 2
marked increase in the resolved shear stress
required for slip on the basal planes,

The macroscopic tensile stress normal to the
bagal planes at the time of fracture is not

the same for all test conditions.

The tensile stress normal to the basal planes at

the time of frascture is not a unique function of
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the shear stress on the basgal planes, the shear
strain on the basal planes, nor any simple combina-

tion of these two parameters,

6) A non-uniform distribution of slip on the basal
planes can be an important factor in initiating

fracture, In particular, slip on basal planes
impeded locally by SR-4 strain gages on the sur-
face of the crystal facilitated fracture when
poth tensile stress normal To the basal planes
and shear stressg slong the basal planes werse
present.

7) TFracture can occur along a basal plane when

neither shear sbress nor shear strain exists on

this plane. In this case, the tensile stress re-
d

. , =0
guired to produce fracture is smaller at -77°C
than at 25°C.
These test results are not consistent with the disloca-

tion models of fracture initiation that are based solely
upon the interaction of dislocations on the basal planes.
The true mechanism of basal acture must generally be more
complex than is indicated by these simple models.

S1lip on non-basal planes can be an important factor in
causing basal cleavage in hexagonal close-packed metals and
may be a necessary condition for cleavage. This slip was
apparently the only mode of plastic deformation prior to
fracture in the zinc specimens tested at ~77QC” The impor-
tance of slip on non-basal planes in zinc has not previously

heen recognized,
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Dislocation interactions produced by slip on non-basal
planes depend upon temperature., Obstacles to slip form more
readily at QEOC than at m??QC, while interactions leading to
fracture form more readily at ~7700 than at 25000 A better
understanding of the processes involved in slip on non-
basal planes is required before a complete understanding

of fracture initistion in hexagonal metals can be obtained.
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APPENDIX A
Procedure for Growling Zinc Crystals

The zinc crystals were grown in pyrex glass molds of
the type shown in Fig. 1 (see Appendix F). The internal
surface of the lower portion of each mold was coated with
a thin layer of graphite to prevent the zinc from adhering
to the glass. The proper amount of zinc was placed in the
upﬁ@r reservolr portion of each mold., The alir was evacuated
from the molds, and the molds were sealed.

The graphite coating required careful preparation.

The surface of each mold was cleaned first with a solution
of trisodium phosphate in water, then with 2z solution of
potassium dichromate in sulfuric acid, and finally was rinsed
with water several times, A collodial suspension of graphite
in alcohol was placed into the mold, the mold was shaken
vigorously to insure complete coverage of the surface, and
the excess fluid was poured out. The remaining thin coat-
ing was allowed to dry for several days at room temperature,

The grarhite coating could not have significantly
changed the purity of fthe zinc crystals. The mass of this
coating is estimated to be only lﬁma as large as the mass
of the crystal, The manufacturer of the graphite dispersion
stated, on the basis of a spectrographic analysis, that the
combined concentration of all metallic elements in the

graphite was less than one per cent.
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An electric furnace was used for growing the crystals.
This furnace has two independently controlled electrical
elements, one above the other. A sealed glass mold
was placed in this furnace and the mold was heated uniformly
11 the zinc melted and ran down into the lower, graphite
coated portion of the mold. Next, the power input To each

of the heating elementsg was adjusted to provide a thermal

¢

. Oy sa . s ga s
gradient of 90O ﬁ/im. outside of the glass mold. Solidifica-

tion of the zine occurred when the temperature was lowered
vy slowly reducing the power input to the heating elements.
The average temperature of the zinc sphere changed from
1110°F to 660°F over a period of 20 hours. The crystal and
mold then were annealed at 7OOOF for 4 hours, followed by
slow furnace cooling.

The production of a single crystal requires that
nucleation take place at only one point within the mold.
The long, conical portion of the glass mold at the bottom
of the sphere provided a high ratio of surface area to
volume near the apex of the cone. Thus, heat could be re-
moved easlly from the zinc in this region. One end of a
copper rod was in contact with the apex of this cone; the
other end of the rod extended to the outside of the furnace.
This rod provided an effective heat sink and insured that
mucleation occurred only at the apex of the cone. This
method of growing crystals was quite satisfactory for this

investigation.



- 114 -

Care was taken to avoid plastic deformation of the crys-
tals while they were being removed from the molds. The
zlass molds were opened without applying external mechanical
force. This was accomplished by placing a scratch on the
outer surface of the spherical portion of each mold and
touching this scratch with a hot glass rod. The rapid
heating of the outer surface of the mold wall induced stress
in the glass, and a crack was formed at the scratch., This
crack was propagated by repeatedly placing the hot glass rod
near the advancing end of the crack, The glass mold wall
was thick enough to insulate the crystal from the thermal
shock of the hot glass rod. Once a circumferential crack
had been produced around the spherical portion of the mold,
the two halves of the glass mold could be removed without
causing any plastic strain in the crystal. A typical crys-

tal is shown in Fig. 2 (see Appendix F).
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APPENDIX B
Aeid Saw

A special saw was constructed for cutting zinc single
crystals., The low (20 to 30 1b/in.2) stress required to
produce plastic deformation of these crystals precludes
the use of a conventional, toothed saw. The specilally
congtructed saw cuts zinc crystals in a straln free manner
by the controlled application of a solutlon of nitric acid.

A schematic drawing of the acid saw is shown in Pig.

38, A Nichrome wire (0.010 in, diameter) is held tautly on

a frame that oscillates linearly along a direction that is
precisely parallel to the axis of the wire. Acid is applied
to the wire by means of a pair of glass capillary plates, one
on each side of the wire. The lower ends of these plates ex-
tend down into a reservoir of acid, The distance between the
two plates (0.025 in.) is large enough to permit easy move-
ment of the wire but small enough to allow acid to rise
between the plates by capillary action to a height sufficient
to wet the wire, The acid on the wire is carried to the crys-
tal during one half of each oscillation; a mixture of acid
and zine ions is retumed to the plates during the other half.
The wire moving through the acid between the plates produces
a pumping action that causes a continual transfer of acid
between the reservoir and the capillary plates at a much

faster rate than would be possible by diffusion alone. The
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concentration of zinc ions between the capillary plates there-
fore never becomes large enough to adversely affect the cut-
ting action of the acid.

The crystal is held against the lower side of the oscil-
lating wire by a counterweighted lever resting on a knife
edge. The counterweight is adjusted to provide a force of
a few grams between the crystal and the wire. The movement
of the lever is damped with an oil filled dash pot to prevent
the occurrence of small oscillations that would otherwise be
present due to the cyclic action of the wire,

The crystal to be cut must be held firmly. This is
accomplished by cementing the crystal to a fixture on the
end of the counterweighted lever. The orientation between
the plane of the saw cut and any crystallographic plane can
be established to within 0.1 degree when this fixture is in
the proper position,

The saw produces satisfactory cuts with the following
operating conditions:

A Nichrome wire of 0.010 in., diameter
stroke length of 3 1/2 in,
stroke rate of 30 eycles/min

cutting force of 4 gnm

B P >

70 per cent sclution of nitric acid in water

A zinc cylinder 1 in, in diameter can be cut in about 12
hours with these conditions. The specified conditions can
be changed to increase the cutting rate, but the surfaces

produced by the cut will not be flat and parallel,
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APPENDIX C

Acid Lathe

A special lathe was constructed for shaping the zinc
specimens. This lathe removes zinc in a stress free manner
by the controlled application of a solution of nitric acid.

A schematic drawing of this acid lathe is shown in
Fig. 39. The zinc crystal is rotated contimuously about
the intended axis of symmetry of the specimen while it is
held against the periphery of a continuously rotating wheel
that is covered with a thin film of acid. The shape of the
peripheral surface of this wheel determines the final shape
of the specimen.

The rotating crystal is supported on the end of a
counterweighted lever. The counterweight is adjusted to
maintain a force of a few grams between the crystal and
the shaping wheel. The removal of material from the crys-
tal would soon alter the relative balance of the lever un-
less there were a means of compensating for this loss of
weight. This compensation is provided by a weight added
to the lever directly above the knife edge. A decrease of
the radius of the crystal produces a change of the angular
position of the lever, and the center of the compensating
weight shifts toward the crystal. The size and position
of this weight were chosen so that this shift compensates

closely for the weight of the material removed from the

crystal.
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The shaping wheel is made of Iucite. This plastic is
not attacked chemically by nitric acid, but it does absorb
gufficient acid to form a soft, spongy surface that is an
excellent base for transporting a thin film of acid to the
crystal. The lower portion of the shaping wheel is immersed
in nitric acid contained in a large reservoir. The wheel is
rotated continuously so that a fresh film of acid always is
maintained on its periphery. The thickness of the film is
controlled by a movable wiper. A thick film is used for
the rapid removal of material; a thin film is better for
producing a contour on the specimen that accurately matches
the contour of the periphery of the wheel.

The following operating conditions were found to be
satisfactory for shaping the zinc specimens of this investi-
gation.

Crystal rotated at 1 rpm

Shaping Wheel rotated at 4 1/2 rpm

Dimensions of Shaping Wheel:

7 in. in diameter
2 in, thick

A contact force of about 3 gm

A 4O per cent solution of nitric acid in water
These conditions can remove 1/4 in. from the radius of a zinc

crystal in about 24 hours.
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APPENDIX D
Preparation of Zinc Specimens

Several operations were required to produce a specimén
from a spherical zinc crystal. First, the crystallographic
orientation was determined. Second, the crystal was formed
into a properly shaped specimen. Finally, mechanical grips
were bonded to eéch end of the specimen so that force could
be applied,

The approximate orientation of the crystallographic
directions was determined by chemically etching the surface
of the sphere with a 30 per cent solution of hydrochloric
acid in water, This etch produced a narrow, lustrous line
along the center of each of the six prismatic faces.

The precise orientation of the basal planes was estab-
lished by cleaving a small portion of zinc from each end of
the hexagonal axis and thereby exposing two basal planes.
This operation was carried out at a temperature of ~3203F
in order to minimize plastic deformation of the crystal.
The maximum rate of temperature change was limited to
SOF/min to prevent transient thermal stress.

The exposed basal planes served two functions. First,
they provided an accurate crystallographic reference sur-
face, Second, they provided a means for estimating the
number and magnitudes of the basal tilt boundaries within

the crystal. The magnitudes of the boundaries were meas-
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ured by reflecting a focused light beam off the planes,
Tilt boundaries as small as 0.02 degree could be detected
by this method.

Each test specimen was produced from a spherical crys-
tal by using the speclal acid machining equipment. The acid
lathe was used to form the crystal into a specimen of the
proper shape and orientation. The acid saw was used to re-
move approximately 1/16 in. of zinc from each end of the
specimen, thus eliminating any metal that might have been
deformed plastically by the cleaving operation. The exposed
basal planes were used as references during the shaping and
gsawing operations to insure that the cylindrical axis of the
completed specimen would be parallel to the hexagonal axis
of the crystal, After the completion of all the shaping
operations, each crystal was annealed at YOOOF for 3 hours,

Mechanical grips were bonded to both ends of each speci-
men so that force could be applied during the tests., ERach
of these grips was composed of two sections: a copper-zine
alloy single crystal and a threaded steel cylinder. A com-
plete specimen assembly is represented in Fig. 3 (page 14).

The procedure for bonding the pleces of the specimen
assembly required several operations, The individual pieces
of the assembly first were heated, and the surfaces to be
bonded were "tinned" with tin-lead (60-40) solder. After
cooling, the pieces were placed in their proper segquence

on a large V-block, A liberal amount of paste flux was
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placed between each piece. The concentricity of all parts
was maintained by supporting the crystals on shims of the
proper size. A thin (0.004 in.) piece of teflon was placed
between each shim and the surface of the crystal as a pre-
caution against damaging the surface,

The solder bonds were formed by heating the specimen
assembly in an atmosphere of dry nitrogen. When the solder
melted, a vacuum was produced around the specimen assembly
and maintained until most of the flux had vaporized, The
assembly then was allowed to cool slowly to room tempera-
ture, Nitric acid was used to remove approximately 0.010 in,
from the surface of the specimen, leaving a clean, pure zinc
surface. The specimen assembly then was ready for testing,.

This method of bonding the components did not produce
ideal bonds, because some flux always remained entrapped
within the bonds., However, bonds produced by this method
were stronger than those produced with less flux or those
produced with other bonding agents. The other bonding agents
tried were epoxy resins, cadmium base solder, and Wood!'s

metal.
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APPENDIX E
Suggested Research Programs

The present investigation shows that the mechanical
behavior of zinc can be gquite complex, The non-basal slip
system was found to have unusual properties not predicted
by current theories., Furthermore, there are not any ade-
quate theories for describing the fracture bhehavior of
zine,

The results of this investigation suggest areas
where Turther work on zinc might be particularly fruitful.
The following proposed programs would not only provide a
better understanding of the mechanical properties of zinec
but might also be useful in broadening the experimental
basis of the general theoretical interpretations of strain

hardening and fracture,

Program I ~ A Study of the Temperature Dependence of

S1lip on Non-Basal Planes.

The testing methods developed for the present inves-
tigation are well suited for the study of non-basal slip in
zine. The results show that both the plastic and the frac-
ture behaviors of zinc vary with temperature, A series of
tensile tests performed at different temperatures would
provide a more complete determination of the temperature

dependence of the critical stress for plastic flow, the
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rate of strain hardening, and the fracture strength, A
similar series of compressive tests could provide informa-
tion on the relationship of non-basal slip and twinning.
This proposed program could be expanded by making tests

at several strain rates and also by testing crystals of
more than one purity.

The plastic deformation produced during these tests
could be studied in several ways. Wire resistance strain
gages could be used to measure the strain produced in the
specimens; but capacitance type gages might prove to be
better, because they would introduce smaller surface re-
straints. A highly polished surface on the specimens
would help reveal any non-basal slip lines that might
form at low temperatures. The etch pit techniques being
developed at The California Institute of Technology under
the direction of Dr. Vreeland would be particularly useful
in correlating dislocation density with the plastic, frac-

ture, and twinning behaviors of zinc.

Program ITI - A Study of the Interaction Between Basal and

Non-Basal Slip Systems

The present investigation shows that strong inter-
actions occur between the basal and the non-basal slip
systems., PFurther studies of this type may provide detailed
information on the mechanism of the interaction. Such a

testing program would be particularly meaningful if it were
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conducted after the completion of the [irst proposed program,
Then the basal slip behavior could possibly be correlated
with the density and distribution of the non-basal disloca-
tions., This relationship would make it possible to test
the hypothesis that a forest of dislocations intersecting
a slip plane provides a strong obstacle to the motion of
dislocations along that plane.

Wire resistance strain gages would not be suitable
for these tests, so other means of measuring strain musﬁ
be found. The other testing techniques used in the present
investigation, however, would be satisfactory for a study

of the interaction of the two slip systems.
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APPENDIX F
Photographs
FIGURE
1. Pyrex Glass Mold for Growing Zinc Crystals
2. Zinc Crystal . . . + . ¢ &« & o & o &
17, Slip Lines and a Cleavage Step on a Basal
Surface of Zinec . . . . . e e e e s
18. Slip Lines and Twins on a Basal Surface
Of ZinC . . v 4 4 ¢ o o o6 o s s s e s
16. Etch Pits on a2 Basal Surface of Zinc
20. Twins and Linear Arrays of Etch Pits on a
Basal Surface of Zine
21, Random Distribution of Etch Pits on a Basal
Surface . . . . o 4 e e e o e s s 4 e
29, Coarse Slip Rands Parallel to the Basal Planes
Of Zinc 2 » £ ] a 2 @ £ 2 & & L L Ed - » L4 ® L
31. Basal Fracture Surface Near a Solder Bond ., .

2.

Basal Fracture Surface Near a SR-4 Strain Gage
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Fig. 1 Pyrex Glass Mold for Growing Zinc Crystals.
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Fig. 2 Zinc Crystal.
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