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ABSTRACT

Fatigue tests were run on single crystals and bicrystals of zinc at 

low and high stresses. Fatigue failures were not obtained in single 

crystals until after mechanical twinning had occurred. Fatigue failures 

were obtained with bicrystals, indicating that either a single grain 

boundary or twin boundary was a sufficient barrier to stop dislocation 

movement and allow a localized stress to reach the fracture stress.

An etch-pit technique was used for examining dislocations, and the 

fracture surface examinations showed that nonbasal plane slip occurred 

during the fatigue tests of both single and bicrystals. The interactions 

of these nonbasal slip lines with each other and with the basal slip 

lines do not in themselves form dislocation obstacles sufficient to cause 

fracture.

The point of origin of fracture and the direction of propagation 

of fracture could be determined from markings on the fracture surface. 

Fatigue fracture initiated in and propagated along the grain or twin 

boundaries before final fracture occurred along the basal planes.

iii
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Several dislocation theories for fracture were considered. The

stress field around a zinc simple^edge dislocation line lying in the

basal plane with its Burger’s vector parallel to the close-packed

<1120> direction was calculated by the anisotropic elasticity method

of Eshelby, Read and S h o c k l e y , and compared with the isotropic 
(2>solution . The only fracture theory that agreed with the experimental 

results was Stroh’s slip-band fracture theoryv .

iv
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INTRODUCTION

Although many hundreds of studies have been undertaken to evaluate 

the fatigue strength of various metals under different service condi

tions , little is known of the basic processes which lead to fatigue 

failure. The changes in physical properties of a metal during the 

fatigue process must be caused by changes in the crystalline structure 

of the metal, since no appreciable chemical changes take place. Because 

of the recent advances in the theoretical and experimental evaluation of 

imperfections in crystals, it should now be possible to interpret fatigue 

fracture in terms of dislocation theory.

Fatigue can be defined as the progressive failure of a metal 

caused by the repeated applications of stress. A fatigue crack results 

from the plastic deformation occurring during repeated straining.

Métallographic work has shown that slip bands in fatigued polycrystal-
(4)line metal sometimes develop into fatigue cracks . The plastic 

deformation in fatigue differs considerably from that occurring in 

simple unidirectional loading. Cold working by fatiguing does not

1
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cause as much line broadening in x-ray diffraction as unidirectional 

straining; and fatigued metal does not recrystallize as easily as 

cold-worked metal.

On an overall or macroscopic basis, very little plastic deforma

tion occurs prior to fracture. Locally, on a microscopic basis, the 

plastic strain may be quite large. A stress-raiser locally raises the 

applied stress above the yield point of the metal. The material locally 

work-hardens to its limit, and then a fatigue crack forms. The fatigue 

crack acts as a further stress-raiser and the process continues.

Although the overall plastic deformation is so small that the fractures 

are classified as brittle fractures, plastic deformation is still the 

essence of fatigue. A brittle material that cannot undergo plastic 

deformation does not fatigue.

This research project was concerned with the dislocation movements 

that constitute this plastic deformation.
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THEORETICAL DISCUSSION

Since studies made on single crystals can be analyzed in a more 

straight forward manner than those on polycrystalline samples, it was 

proposed to limit this work to single crystal and bicrystal samples. 

Zinc was selected as the metal for study because of its availability 

in high purity form, ease in the growth of single and bicrystals, and, 

most important, the small number of active slip systems in zinc.

Plastic Deformation of Zinc

Plastic deformation occurs in metals on close-packed or high- 

density planes along a close-packed direction. Face-centered cubic 

metals slip on the (ill) planes while body-centered cubic crystals slip 

on the (llO) , (ll2) , and(123) planes. With these metals it is 

difficult to get slip to occur on only a single set of parallel slip 

planes. When slip occurs on nonparallel slip planes, the intersecting 

slip lines create offsets or jogs in each other. Further movement of 

these dislocation lines would require nonconservative motion by the 

dislocation lines and would be a high-energy process and difficult to 

analyze.

3
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In zinc, slip primarily takes place on the ^OOO^) basal planes along 

the close-packed <^11(^ directions. There is only one set of parallel 

basal planes in zinc, so that cross slip on intersecting basal planes 

cannot occur. These six close-packed directions in the basal planes of 

zinc make angles of 60° with each other. If a shear stress were applied 

parallel to a basal plane and a close-packed direction, plastic defor

mation with only one slip system operating should result. Although 

nonbasal slip has been reported by several i n v e s t i g a t o r s , it is a 

much higher energy process than basal slip, and special precautions 

had to be taken to suppress the basal slip and mechanical twinning in 

order to obtain only the nonbasal slip.

Mechanical twinning is a second common mode of mechanical defor

mation that occurs in zinc and was extensively encountered in this 

investigation. In twinning a homogeneous shear process occurs parallel 

to the twinning plane, so that the twinned grain is a mirror image of 

the untwinned grain across the twinning plane. The atomic mechanism 

that causes twinning is not known. Modern imperfection theory has yet 

to offer a plausible explanation of twinning for which there is experi

mental evidence. Several investigators^'^ have shown that there is 

no critical resolved shear-stress law for twinning as there is for 

simple slip. In zinc the twinning planes are the (1012) planes, and 

the twinning shear movement occurs in the <(Ï01I) directions. The 

twinning planes intersect the basal planes along the close-packed 

<^12c\ directions.
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Dislocation Theories for Crack Formation
(Q\Work here and at the University of California on single crystals 

and bicrystals of zinc had shown the importance of dislocation barriers 

to fatigue fracture. Grain or twin boundaries were the only effective 

dislocation barriers encountered in this work. A number of simple 

theories of fracture involving dislocation pileups at barriers have 

been advanced by various workers in the field. Several of these 
theories are discussed below.

Basal-Plane Crack Theory: Gilman^^ investigated crack formation

during the tensile testing of symmetric zinc bicrystals. From the shape 

of the cracks, Gilman deduced that the cracks originated within the 

blocked slip-plane, and did not form opposite the blocked slip-plane. 

Gilman1s calculations showed a large decrease in strain energy when the 

normal and shear stresses around a dislocation pileup were relaxed by 

a crack forming in the pileup. This decrease in strain energy more 

than compensated for the increase in surface energy when the crack was 

formed. This basal-plane crack theory had previously found some experi

mental verification in the face-centered cubic crystals where
(4)"persistent slip lines" eventually turned into fatigue cracks .

Simple Edge Dislocation, Isotropic Case: At points not too close

to the pileup, the stress field of a pileup of n edge dislocations can 

be treated as the stress field of a single large edge dislocation with 

Burger*s vector nb. Since the center of the dislocation is in a plastic 

region we cannot define the stress field here with elasticity theory. 

Consider the state of stress at various points along a circle whose
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center is at the dislocation center and whose radios is sufficiently 

great that the strains and stresses can be treated by elasticity theory. 

Because of the symmetry involved, only one half of the circle need be 

considered.

For an edge-dislocation line parallel to the z axis nothing varies

with z, and for the isotropic case the z component of the displacement

Ug is zero. The stress-strain analysis reduces to one of plane strain

with the strains ^23’ ^33* an^ t*ie stresses and T ^  equal to
(2)zero. The following equations for the displacement components

and U2, the strains Z ^ ,  and the stresses T^, Tgg,
apply in this case. These solutions satisfy the compatibility equations

and the differential equations of equilibrium, and give zero resultant

force when the stresses are integrated around a cylindrical surface

surrounding the dislocation line. However, these equations are not a
unique solution but only the first term in an infinite series. The

higher order terms depend on the interaction of the elastically strained

material with the plastically strained material along the z axis. These

terms add second and higher order powers of  % — , and a short
x + y

distance away from the dislocation, the first term becomes a good

approximation. A similar situation is encountered in the anisotropic

case, where an infinite series of terms is obtained in increasing 
1powers of — %---- «—  .

x + y
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-8b » Burger1 s vector of the edge dislocation, 2.66 x 10 cm 

for zinc

6 sb shear modulus, 4.9 x 10 psi for zinc 

u » Boisson's ratio, 0.43 for zinc.

Consider the normal stress on a plane perpendicular to fhe xy plane 

passing through the center of the dislocation and making an angle a

with the x axis. The normal stress is compressive for positive
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values of a and tensile for negative values. Since we are concerned 

with cleavage failure due to a normal tensile stress, we need only

consider negative values of a. As a goes from 0° to -90*, goes from
n _  G b 
0 ° 2/7(1-u) -

2 2 S « T?. Sin a + T00 Cos a + 2T. « Cos a Sin a. n 11 LJL LZ

Fig. 1. Simple edge dislocation.

Simple Edge-Dislocation Theory, Anisotropic Case: The stress field

around a simple edge dislocation in zinc was also calculated for the 

anisotropic case. The method devised by Eshelby, Read and Shock!ey^^ 

was used. A short outline of this method appears in the Appendix XI.

The stresses T^, T ^ ,  T^, T^^, and T ^  were calculated by this

method. The normal stress on a plane parallel to the dislocation line 

and passing through the center of the dislocation was calculated as a 

function of the distance from the dislocation r and the angle a in Fig.

1. For comparison, the results for the isotropic case are given along

side the results for the anisotropic case in Table I.
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Table X

Normal Stress Around an Edge Dislocation 

as a Function of a and r.

Snx r, psi.

a_______________ Isotropic_________ Anisotropic

0°  .000 .000
15° .0038 .00635
30° .0074 .0121
45° .0105 .0171
60° .0128 .0208
75° .0144 .023
90° .0148 .024

The above results are for a single dislocation of Burger's length 

2.66 x 10 cm. If n dislocations are forced together both of the above 

calculated stresses would be multiplied by a factor n. A plot of x r 

versus the angle a gives similarly shaped curves for both the isotropic 

and anisotropic cases. The maximum normal stress occurs on a plane at 

a « 90° in both eases.

Stroh's Simple Pileup Theory: A modified version of the simple

edge-dislocation theory was considered by S t r o h ^ ^ . Instead of 

considering the pileup as one big edge dislocation, Stroh calculated 

the interactions between the stress fields of the dislocations in the 

pileup. Since the dislocations are pushed towards the obstacle, the 

spacings between those nearest the obstacle are smaller than those 

further back in the sequence. It is difficult to calculate the dis

tribution of dislocations in a pileup, since it is not a good enough
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approximation to neglect the interactions of distant dislocations.

Since any one dislocation in a pileup interacts with all the other

dislocations, a pileup of n dislocations involves the solution of n-1

linear equations* Because we are concerned with pileups of several

hundred dislocations the method is cumbersome. For a plane containing

the dislocation line and making an angle a with the x axis Stroh found

the normal stress to be: 1/2
sin a cos 7j>

G = Shear modulus

b * Burger * s vector of the dislocation

n » Nb. of dislocations in the pileup

T => Resolved shear stress on the slip plane in 
the slip direction

u = Poisson*s ratio
r = Distance from the center of the dislocation 

a » Angle shown in Fig. 2.

X
\

\
\

y

Fig. 2. Simple edge-dislocation pileup
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Evaluating the constants for zinc in this equation, we have the following

relationship: 1/2

S = 0.254 n
Ts ■ sin a cosr

The maximum normal tensile stress occurs for a =* 70 1/2*. Although 

this theory predicts a plane of maximum normal stress 19 1/2* away from 

the plane predicted by the simple edge-dislocation theory, the 

differences in normal stress are fairly small by either theory on these 

two planes.

a S , Stroh n' S x r, psi, Simple Edge 
n Dislocation

70 1/2° .195 Ts nl1/2 .0139r

VO o o .179 X n "

r

1/2

.0148

Although Stroh's elegant mathematical analysis appears satisfactory 

for calculating the stresses around a pileup at low-stress level, it is 

doubtful whether this analysis applies at high-stress levels where 

fracture would occur. If the pileup is great enough to produce a crack, 

the leading dislocations will be forced so close together that in effect 

they are combined into a single dislocation with a Burger's vector 

several times b. The distance between the leading dislocations will be 

a fraction of the Burger's vector. Since it is meaningless to speak of 

dislocations less than one atomic spacing apart, we can only conclude 

that the leading dislocations will coalesce to form a single dislocation
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of large Burger*s vector. This embryo crack "underneath11 the "large" 

dislocation would probably determine the plane of maximum normal stress.

action of dislocation pileups in several adjacent slip lines of the 

same slip band. Slip lines tend to occur in clusters called slip bands. 

If such a slip band ends on a grain boundary, the dislocation pileups 

at the boundary would be near each other. Under these conditions, each 

pileup can be considered to be formed under a stress consisting of the 

applied stress and the stress due to the other pileup.

Consider the two adjacent pileups in Fig. 3 where each pileup 

contains n dislocations. In this discussion we will assume the following 

inequalities hold; d< h< L, where d is the distance between the 

dislocations at the head of the pileup, h is the separation of the slip 

planes containing the dislocation lines, and L is the length of the slip 
lines.

(3)Stroh*s Slip-Band Crack Theory: Strohv ' has considered the inter-

h

L

Fig. 3# Two dislocation pileups in neighboring slip planes 

In the article referred to a b o v e , S t r o h  showed that each pileup

produced a shear stress parallel to the pileup of:
-.1/2

(2 cos ^ - Sin 6 Sin ~  9)
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G = Shèar modulus

b = Burger*s vector

n » Number of dislocations in the pileup

T = Applied shear stress

u « Poisson*s ratio

r,6 - Shown in Fig. 3
(12)Cottrellx 7 has shown that the length of the dislocation pileup,L,can

be approximated by the equation :

1 " (l-u)T •
G b n

Substituting this value of L and the following values of 4 and r into 

the above equation we obtain the following equation:

This is the stress on one pileup from an adjacent pileup. The 

interactions of the dislocations in the various slip lines will alter 

this equation, but if the change in the distance between the dislocations 

is small compared to the distance over which the stress changes 

appreciably the formula is still applicable. To obtain the average 

stress of one pileup on another pileup, the above equation must be 

integrated over the entire dislocation pileup and then divided by the 

total number of dislocations in the pileup. Stroh^^ has shown the 

linear density, d, of dislocations within a distance x of the locked 

dislocation is given by the equation:

é ~ n r  - 6, r =* h
Sin &

X = I [l Sin/I172
s 2 n (2 Sin Y  + Sin è cos ^ d).
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- 1/2
d * 4 n

7T
The average stress is given by the equation:

L

av Tgd dx.

Since the contribution to the above integral from large values of x is 

small, the above integral does not change much by extending the upper 

integration limit to infinity. Letting x ■ h cot 4 and substituting 

the above values for d and Tg into the equation for the following

equation is obtained:
7772

av Tf
(cos*^ é sin d Sin 4) 4Sin2 |  + Sin2 4 (2Cos ^-1) d<t

In order to evaluate the above integral, a change of variables is 

needed. If cos d = cos /7 the following integral is obtained,
1/2 TTVz

av
(2) T!
7T

2 cos2?? -1 + ---1
COS 7?+l

Tav - V
This derivation indicates that the stress fields of the individual 

pileups in a slip band will add up to the total stress directly. This 

result can be extended to more than two slip lines. Since a dozen or 

more slip lines may occur in each slip band, the number of dislocations 

in each pileup at fracture is reduced from a few thousand to a few 

hundred. When the cracks form at the end of each slip line, the dis-
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location will enter the crack and wedge it open. Since the length of 

the crack is proportional to the square of the number of dislocations 

that can run into it, a crack formed by a pileup of 500 dislocations 

would be 1/100 as long as a crack formed by a pileup of 5,000 dis

locations. If the length of the crack at the end of each slip line is 

less than the critical Griffith length it will be unable to extend itself 

further. Fracture will ultimately occur when these small cracks link 

up. Such a final crack would follow the barrier, in this case the grain 

boundary.
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EXPERIMENTAL EQUIPMENT 

AND PROCEDURES

Special laboratory equipment and unusual experimental techniques 

used in this research are described in the following section.

Growth of Single and Bicrystals of Zinc
Zinc single crystals were grown by a random nucléation method. A 

spherical graphite mold was placed near the bottom of a vertical tube 

furnace. A vacuum was pulled, and the furnace was flushed with purified 

hydrogen. The zinc was heated several hundred degrees above its melting 

point and the power input was slowly reduced by pulling down the 

controlling variac with a clock motor. Since a spherical crystal was 

obtained, the point of solid crystal nucléation and the direction of 

crystal growth were not important.

Zinc bicrystals were grown by nucleating with seed crystals and by 

random nucléation. In the first method molten zinc was cast into a 

rectangular mold 3” x 1M x 1/4" that had two seed crystals one^eighth 

inch square by one inch long in one end. The casting was placed in one 

end of a small horizontal tube furnace and heated until the zinc casting 

and parts of the seed crystals had melted. When this occurred the

16
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variac controlling the power input to the furnace was slowly pulled 

down permitting directional solidification. The inability to superheat 

the melt without melting the seed crystals, and the thin oxide layer on 

the zinc caused the nucléation of other grains in the melt. If the 

direction of easy crystal growth [oOOlj was not nearly parallel to the 
direction of solidifbation, other grains would nucleate and grow faster, 

and the seed crystal would not penetrate far into the sample. Several 

usable bicrystals were obtained out of some forty runs.

In the random nucléation method the same furnace and molds were 

used as were used to grow the zinc single crystals. The molds were 

modified by drilling two holes in the bottom. It was hoped that a 

single crystal would nucleate and grow in each of the mold legs and 

the angle between the basal planes would be the same as the angle 

between the axis of the two holes. This method worked surprisingly 

well, and most of the bicrystals used in this work were grown by it.

This success was probably due to the destruction of nucleating centers 

by super heating, and to the absence of any oxide films at the bottom 

of the crucible.

Sample Preparation

The single and bicrystals were cooled in liquid nitrogen and then 

cleaved along their basal planes. Some surface twinning always 

accompanied this cleaving. Since the twinning planes intersect the 

basal planes along the close-packed direction, this cleaving operation 

completely determined the orientation of the various grains. The
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cleaved bicrystals were mounted on a goniometer head, and the angles 

between the basal planes and slip directions in the two grains were 

measured. The bicrystals were then sectioned with the acid saw and the 

wedge-shaped fatigue samples were mounted in the epoxy resin and tested 

as described in the section on fatigue-testing equipment. The orien

tations of all the bicrystals were checked by the back-reflection Laue 

method of x-ray analysis^^. A diffraction pattern made on a grain 

boundary gave the relative orientations of both grains on the same 

film. All resolved shear and twinning stresses were calculated from 

the x-ray film orientations.

Electropolishing and Etch-Pit Techniques for Zinc

The electropolishing of zinc was no problem. Several solutions

recommended in the literature were tried and found suitable. A 20%
2chromic acid solution with current densities as high as 20 amps/cm 

was used most of the time. A chromic acid sodium sulfate solution also 

gave acceptable results. Five percent nitric acid added to either 

solution cut down on the tendency to stain..

An attempt was made to develop an electrolytic etch^pit technique 

for zinc. Most of the work was confined to chromic acid solutions or 

a chromic acid, sodium sulfate, nitric acid solution. The principal 

variable was current density. Interesting patterns of shallow etch pits 

were obtained at low current densities. These pits were rectangular, 

their long axis being parallel to the close-packed direction. Although 

the pits gave the crystallographic orientation of the crystals, the
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writer was unable to interpret any of the etch-pit patterns obtained, 

and the density of the etch pits was shown to depend on the etching 

time and the current density. It was finally concluded that these 

electrolytic etch-pit patterns did not indicate dislocations.

The only etching solutions that consistently revealed dislocations 

in cold-worked zinc were those containing bromine or iodine. Dilute 

solutions of either iodine or bromine in ethyl alcohol gave etch pits 

in zinc that had been electropolished, and then cold-worked. Etching 

times of several seconds were sufficient to bring out all the pits.

Longer etching times or repeated etches did not reveal any new pits.

Zinc samples cut parallel to the prismatic plane were electro

polished and bent around an axis parallel to the basal, and perpendicular 

to the prismatic planes. The samples were etched and the etch pits 
counted. Fig. 4 shows a typical sample that has 1.2 x 10^ pits/sq in. 

Using the following formula^"^ we find that a density of 10^ edge 

dislocations, all of the same sign, could account for this much 

bending.
d = d = pit density

b ■ Burger's vector 
R ■ Radius of curvature

The writer considers this to be a reasonable agreement between theory

and experiment, considering that the count was made in the most heavily

pitted area, the difficulty in accurately counting pits, the uneven

bending that occurs in the sample, and the probability that we are not

dealing with a simple array of edge, dislocations all of the same sign.



20

CM • «I « M  O I '*# 0 I •• I 0- Sê fl

iê «ne i -ie •••ill ••«•• #»|, •• . i
* » • • ■ « i e  i #i ii it e ••• i• • ((->■• t r

' »» * ft' I • I •«•* • 0 II M III I |l •• I 11

i - ;»*• A- ft •' ft • el A • ft I • I#' ft I IIr* - *i i -ie «e « •• -♦«• ■* i %

750% Sample 6^22-58

Fig. 4. Etch pits In zinc crystal hent? around a 9.2" diameter

Zinc samples that had been fatigued a large number of times at high^- 

atress levels did not show etch-pit patterns appreciably different from 

the low-rstress level samples. Several things might account for this:

(1) Bach of the dislocation movement slight be reversible, with 

dislocations moving completely through the sample with each cycle of 

stress, resulting in a comparatively small average dislocation population 

even after a large number of cycles at high stress levels.

(2) The etch-pit technique may be due to a decoration mechanism, 

where interstitials collect around or form Cottrell atmospheres around 

the dislocations. With a high dislocation depsity enough interstitials
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may not have been present to decorate all of the dislocations.

(3) With a high dislocation density the metal might be so heavily 

strained that the stress fields of the individual dislocations were not 

sufficient to cause etch pits to form.

At low stress levels the etch pits were often so close together 

in the pileups that it was difficult to count the individual pits with 

an optical microscope. Several attempts were made to examine these 

pileups with an electron microscope. The pits were quite shallow, and 

the shadow casting equipment was not able to lay down a chromium coating 

with enough difference in thickness to distinguish the etch pits under 

the microscope, even though the chromium arc source was positioned so 

that a line from the chromium arc to the replica made a grazing angle 

of only 10* with the replica surface.

Zinc that had been worked and then electropolished did not give
(14)pits on etching. This same experience was reported by Melakax .

Since the electropolishing could have no effect on the dislocations 

formed in the metal during cold working, this phenomenon requires some 

explanation. Several theories have been postulated to explain this.

(1) Offsets that occur during slip form localized areas of high 

free energy. These areas might have been preferentially attacked by 

the etching agent. Electropolishing would reduce the free energy of 

these high-energy areas and make them less susceptible to attack by the 

etching solution.

(2) Dr. Choh H. Li of Minneapolis Honeywell Regulator Company,
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said that work with radio-active tracers has shown that adsorbed surface 

layers often form on electropolished surfaces and are very difficult to 

remove. He postulated that these adsorbed surface layers might "coat” 

the electropolished surface and prevent the selective chemical attack of 

the etching reagent.

(3) Most of the early work had been on the prismatic plane and a 

plane perpendicular to the basal plane and 30° to the prismatic plane. 

Most metals do not form etch pits on all planes exposed to an etching 

solution. It was postulated that the etching reagent did not form pits 

on the prismatic plane, but on some other plane which was presented to 

the etching solution by offsets occurring during slip. It was thought 

that if a cold-worked sample was etched on the proper plane a compre

hensive etch-pit pattern would be obtained even after electropolishing. 

Since etch pits usually form on close-packed planes, the investigations 

were limited to the (0001) basal, (1122) pyramidal, (1012) twinning, 

and (1011), planes. Samples were cut parallel to these various planes, 

cold^worked, polished, and etched. If the samples were electropolished 

after cold-working no pits developed. There were only slight differences 

between the etch-pit patterns obtained on these planes and on the 

prismatic planes.

Acid-Cutting Equipment
An acid saw was built for the strain-free cutting of the samples 

that was required in this work, Pig. 5. A nichrome wire, fastened to 

two arms of a stainless steel trolley, passed through a stainless steel
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capillary and picked up a thin film of nitric acid. A low-speed motor 

moved the trolley back and forth over the track. By adjusting the lever 

arm weight, a slight pressure was maintained between the wire and the 

sample. The cutting action resulted from the chemical attack of the 

acid on the metal. This acid saw has operated quite satisfactorily in 

its corrosive environment for three years. Zinc, copper, iron, nickel 

and molybdenum have been satisfactorily cut.

Low-Stress Fatigue Tester

A fatigue-testing machine was built to test zinc samples in simple 

alternating shear at stresses up to 100 psi. Fig. 6. Two large solenoids 

were used to apply the alternating shear loads to the sample. The 

sample was fastened to bakelite sample holders with an epoxy resin And 

then electropolished and placed in the fatigue machine. One sample 

holder was firmly fastened to the machine base. The other sample holder 

was fastened to a drive rod which passed through two bearing guides to 

the solenoids. If the thickness of the sample was small compared to 

its width and length the loading approached pure shear. The drive rods 

had SR-4 type strain gages fastened to them. The signal from the SR-4 

strain-gage indicator was rectified and put on an oscilloscope. Since 

the test frequency was only 120 rpm the stress build-up and decay for 

each cycle could be followed on the oscilloscope. The strain gages 

were calibrated with dead weights. The force that each solenoid applied 

to the sample was controlled by varying the direct current to each 

solenoid. A slow current and force buildup in the solenoid
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was obtained by connecting a coil with a large ratio of inductance to

resistance in series with the solenoid.

High-Stress Fatigue Tester

A Krouse sheet-bending fatigue-tester was used for the high stress

tests. In this constant-strain type machine, a beam sample was bent

back and forth to a fixed maximum strain during each cycle of the test.

An epoxy-type resin was cast around each end of the zinc beam, and the

epoxy castings were fastened to the machine grips. This technique

eliminated gripping problems and grip failures.

In a bent beam the maximum normal stress occurs in the top and

bottom surfaces of the sample on a plane perpendicular to the top
3 FIsurface and the axis of the bar. This stress is —--- %—  .

2 aC
F « applied force 2C « thickness

1 » lever arm at point in question a » width at point in question

A tapered sample. Fig. 13, was used so that the ratio of 1/a would be 

constant and the maximum normal stress would occpr along the entire top 

and bottom surfaces of the sample. The maximum shear stress also occurs 

at the top and bottom surfaces. This stress acts on a plane perpen

dicular to the top surface and at 45° to the axis of the sample. The

magnitude of this maximum shear stress is one half the magnitude of the
3 Flmaximum normal stress i.e.  r— . A third stress of interest in these

4 aC
experiments is the shear stress that exists in planes parallel to the 

top or bottom surfaces and acts in a direction parallel to the axis of 

the sample. This shear stress is a maximum on the plane that contains
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the neutral axis. If the sample had a rectangular instead of a tapered

cross-section, this stress would t>e uniform throughout the sample on any

given plane. With a tapered sample the maximum stress occurs at the point

with the smallest cross section. The magnitude of this shear stress is 
3 F    The ratio of the maximum normal stress to this shear stress is

2 ~ f Since 1  is about 25, this shear stress is about one fiftieth of 

the maximum normal stress.
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EXPERIMENTAL WORK AND 

DISCUSSION OF RESULTS

The results of the fatigue tests on single and bicrystals of zinc 

are discussed in the following section.

Fatigue Tests of Zinc Single Crystals at Low Stresses

Zinc single crystal samples were tested in fatigue at stresses from 

10 to 120 psi for periods extending up to 200,000 cycles. Most of the 

crystals were oriented so that the applied shear stress was parallel to 

the basal plane and the close—packed direction. A few samples were 

oriented so that the applied shear stress was parallel to the basal 

plane and 30° to the close—packed direction. Slip lines, some of which 

contained pits, were observed after etching in all of these samples,

Fig. 7 and 8. It was observed that twin boundaries acted as a barrier 

to the slip lines and pileups of etch pits would form where a slip line 

was stopped by a twin. This type of pattern was obtained whether samples 

were stressed in only one direction, one solenoid working, or whether 

the samples were stressed by alternating reversed forces.

When small samples that had been poorly mounted were tested the 

loading was no longer in simple shear, and after etching, lines of etch

28
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pits not parallel to the close-packed direction appeared. Figs. 9 and 10. 

Some of these lines were curved while others were straight, but inclined 

at varying angles to the close-packed direction. Surface damage was at 

first postulated to account for some of the straight and all of the 

curved lines. However, these lines have been found consistently in 

samples that had been mounted, heavily electropolished, cold-worked, 

and then etched. This would indicate that surface damage alone cannot 

account for all of them. These lines are thought to be part screw and 

part edge dislocation, and represent nonbasal slip. A recent article^"^ 

showed etch-pit arrays in iron very similar to the ones shown here for 

zinc.

A series of impact tests were run on zinc crystals in an attempt

to get a small movement in some of these complex dislocation lines.

Weights of varying sizes were bounced off crystal mounts containing

electrolytically polished zinc crystals. The samples were etched after

each pulse. Small movements of the dislocation lines were not obtained.

Either there was no change in the etch pit pattern, or whole new lines

of pits appeared, indicating the avalanche-like nature of the process.

Pit densities were counted in the slip lines of Figs. 7 and 8 and

the stresses required to form these pileups were calculated using the 
(13)following formula'

S = Y § ? S « effective stress
b * length of Burger’s vector 
G = shear modulus
n » number of dislocations in pileup 

of length L 
L « length of pileup.
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250X Sample 3-3-22
Fig. 7. Etch pits in bas^trplane slip lines in 

fatigued zinc crystalf
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250X Sample 4-3-22
8. Etch pits in basal— plane slip lines in 

fatigued zinc crystal.
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2SOX Sample 2-3-22
Fig. 9. Etch pits in fatigyed zinc crystal 

showing nonbasal slip.
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250X Sample 7-3-22
Fig. 10. Etch pits in fatigued zinc crystal 

showing nonbasal slip.
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Stresses ranging from 40 to 115 psi were calculated for the above 

pictures. Since these calculated stresses were quite close to the 

applied stresses, they do not represent pileups under high stress 

concentrations. Where pileups did occur at grain or twin boundaries, 

the optical microscope and the etch-pit technique did not always give 

sufficient resolving power to count accurately the pits in the pileups.

A large number of cycles of stress at a given stress level did not give 

appreciably more pits than a small number of cycles. This was taken to 

mean that the zinc crystals neither initially contained, nor were able 

to develop barriers sufficient to prevent the dislocations from moving 

across the sample, and disappearing at the opposite side at the low- 

stress levels obtainable with our equipment.

This theory has since been supported by work done at the University 

of California^) and the University of Sheffield^^) . Both groups 

working on the fatigue properties of zinc single crystals found that at 

a given stress level, the material work hardened a certain amount and 

then no further changes occurred with further cycling. The workers at 

California working with polished samples and a constant-strain type 

machine found that subboundaries formed by cold working and polygonization 

were not sufficient barriers to cause fatigue fracture in zinc. The 

work at the University of Sheffield was done on single crystals at 

-196°C. The Sheffield group found that fatigue did not produce fracture 

at stresses less than the normal tensile fracture stress. If the stress 

was gradually raised during the test stresses up to five times the
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usual tensile fracture stress could be developed. Indefinite lives were 

obtained with these high stresses, provided that they did not cause 

immediate failure.

Fatigue Tests of Zinc Single Crystals at High Stresses

Twinning and fracture type failures occurred in some of the early 

high stress fatigue tests of zinc single and bicrystals, Figs. 11 and 

12, in grains whose basal planes were parallel to the top surface of 

the sample. The normal and shear stresses on these basal planes were 

almost zero, and the twinning shear stress was 0.37 the maximum applied 

normal stress. After twinning had occurred, the basal planes and a 

close-packed direction in the twinned grain made angles of 86° and 

60° respectively with the sample axis. The resolved normal and shear 

stresses on the twinned basal plane were 0.75 and 0.43 of the maximum 

applied normal stress.

The question was raised whether the twinning mechanism would occur 

in a single grain whose basal plane was oriented for large shear and 

normal stresses. A number of single crystals, Table II, were oriented 

SO that their basal planes were perpendicular to the top surface, and 

45° to the axis of the sample. A close-packed direction was parallel 

to the top surface. With this orientation a close-packed direction and 

basal plane were parallel to the maximum shear stress. The normal and 

shear stresses on this plane were each equal to one half the maximum 

applied normal stress. The basal planes of the twinned grains made 

angles of 40° and 60° with the top surfaces. These twinned basal planes
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12X Sample 12-31
Fig. 11. Twinning and fracture mechanism in zinc 

bicrystal.

Note: The fracture in the left hand grain occurred by the
twinning and fracture mechanism. The fracture in the 
right hand grain occurred along the basal plane.
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12X Sample 2-11
Fig. 12. Twinning and fracture mechanism in zinc 

bicrystal.

Note: The fracture initiated in the grain boundary and
propagated along the grain boundary in the right of the 
picture. Final fracture by the twinning and fracture 
mechanism then spread through the left hand grain.
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had low normal and shear stresses on them from the external applied loads.

Fatigue failures occurred only after twinning had first occurred. 
Since the resolved normal and shear stresses on the basal planes of the 

twinned grains were small, the dislocation pileups, causing fracture must 

have originated in the original grain. The twin boundary served as a 

barrier behind which the pileups could form and the fracture followed 

the basal planes of the original grains. The maximum applied normal 

stresses in these samples. Table II, ranged from 1,930 to 2,000 psi. 

Assuming that twinning occurred at these stresses, the resolved shear 

stress for twinning ranged from 480 to 500 psi. When the sides of the 

cold worked crystals were etched, etch-pit patterns similar to Figs. 7,

8, 9, and 10 were obtained.

Fatigue Tests of Zinc Bicrystals at High Stresses

To test the basal-plane crack theory in bending fatigue several 

bicrystal samples, Table III, were oriented so that one grain had its 

basal plane parallel to the top surface of the sample and a close 

packed direction parallel to the sample axis. The resolved shear stress 

on the basal plane in the slip direction of these grains ranged from 

29 to 36 psi. The resolved shear stress on the basal plane in the slip 

direction of the other grains ranged from 670 to 725 psi. In all of these 

samples where the point of origin of the fatigue fracture could be 

determined, fracture initiated in the grain boundary at the top or 

bottom surfaces of the samples. Crack originated at the grain boundary 

and followed it a short distance before the final fracture occurred
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along the basal plane of the grain that was not parallel to the top 

surface of t&e sample. At no time were cracks found to originate within 

the basal planes of these grains. It appears that these tests are 

sufficient for discarding Gilman's basal-plane crack theory in the 

bending fatigue of zinc.

Symmetric bicrystals similar to that shown in Fig. 13 were used to 

test the simple edge-dislocation theory in the isotropic and anisotropic 

case, and Stroh's dislocation pileup theories.

Fig. 13. Symmetrical bicrystal, top view.

The dotted lines represent the traces of basal planes perpendicular to 

the top surface. A bicrystal with 90° between basal planes would be 

ideally oriented for fracture from a pileup in the left hand grain 

according to the simple edge-dislocation theory or Stroh's slip-^band 

theory. The slip-band theory predicts a failure that would follow the 

dislocation barrier, in this case, the grain boundary. The ideal 

orientation for fracture according to Stroh's simple pileup theory would 

be 109 1/2* between the basal planes. In the absence of any well 

established alternative law we will assume that law of critical normal 

stress failure applies for basal plane fractures. For zinc the
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theoretical fracture stress is about 10^ psi, Appendix; I. A small part 

of this theoretical fracture stress is supplied by the external applied 

load* the rest by the stress concentration at the head of the dislocation 
array.

Samples from several symmetric bicrystals were tested to destruction 

in fatigue, Table IV. The samples had 31°, 73°, and 80° between basal 

planes. Fracture initiated in the grain boundaries at the top and bottom 

surfaces of the samples. In all cases the fractures propagated part way 

along the grain boundary before final fracture occurred on a basal plane 

of the individual crystal. In no instance were cracks observed in the 

basal plane without a connecting crack in the grain boundary.

The resolved shear stress at failure in the basal plane varied from 

690 to 725 psi in those samples that had a large ratio of resolved basal 

plane shear stress to maximum applied normal stress. The theoretical 

fracture stress of zinc is about 10^ psi. If we assume this is the 

maximum stress produced at the end of the dislocation pileup, the stress 

raiser of 1430 to one would indicate a pileup of 1430 dislocations. Such 

a dislocation pileup would be approximately four millimeters long. The 

longest dislocation pileups for which direct experimental evidence exists 

are several tenths of a millimeter long. The large number of dislocations 

in a single pileup to cause fracture and the fact that the fractures 

initiate in and follow the grain boundary support Stroh’s slip band 

theory of fracture.
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Fig. 14 is a nacrophotograph of a fracture surface. Where the

fracture occurs on a basal plane the course of the fracture can be

followed. Where a cleavage fracture moving through a zinc crystal

intersects a non-basal plane dislocation line, a cleavage step is 
(17)formedx . As the crack propagates, the cleavage sfeps tend to 

collect, producing groups of vees or river pattern cleavage steps. 

The vees or the "down river" direction indicate the direction of the 

propagation of the fracture.
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CONCLUSIONS

Fatigue failures were not obtained on the low-stress fatigue tester 

where the resolved shear stresses parallel to a close-packed direction 

and a basal plane were less than 120 psi. An etch-pit technique for 

examining dislocations showed that non-basal plane slip occurred during 

these tests. A large number of cycles of stress did not give many more 

pits than a small number of cycles. This indicated that the single 

crystals of zinc did not initially contain, and were not able to develop 

dislocation barriers sufficient to prevent the dislocations from moving 

across the sample, and being adsorbed at the opposite side at these low 

stress levels.

A number of zinc single crystals. Table II, were oriented in the 

Krouse sheet-bent tester so that their basal planes were perpendicular 

to the top surface and 45° to the axis of the sample, A close-packed 

direction was parallel to the top surface. With this orientation the 

normal and shear stresses on the basal planes were each equal to one 

half the maximum applied normal stress. Fatigue failures did not 

occur until after mechanical twinning had first occurred, indicating

47
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that a twin boundary was a sufficient barrier to stop dislocation move

ment. These twinning and fracture type failures had first been encountered 
in some of the early tests of single and bicrystals.i

The above tests showed that the interactions of nonbasal plane slip 

lines with each other and with the basal plane slip lines did not in 

themselves form dislocation obstacles sufficient to cause fatigue fracture. 

Early high-stress level tests showed that a single grain or twin boundary 

in a sample could result in a fatigue failure. This meant that inter

actions between a number of grains or twins were not necessary for fatigue 

fracture, and fatigue could be analyzed in terms of interactions of 

dislocation pileups with a single boundary.

Several fracture theories involving dislocations piling up at

barriers were considered, and fatigue tests of zinc bicrystals were made

to test these theories. These tests are summarized below:
(5)Gilman ' considered crack formation in zinc bicrystals where the 

crack was formed by a pileup of edge dislocations at a grain boundary. 

Gilman’s calculations for zinc showed an overall decrease in energy 

when a crack formed in the plane of the dislocation lines. The 

decrease in strain energy more than compensated for the increase in 

surface energy when the crack formed. To test this theory several 

bicrystal samples. Table III, were oriented so that one grain had its 

basal plane parallel to the top surface of the sample and a close-packed 

direction parallel to the sample axis. The resolved shear stress near 

the top surface on the basal plane of these grains approached zero.
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The shear stresses In the close-packed direction on the other basal plane 

ranged from 670 to 705 psi. Since only one grain was oriented for an 

effective large shear stress, only in this grain could a dislocation 

pileup form. Cracks originated in the grain boundary at the top or 

bottom surfaces of the samples and followed the grain boundary a short 

distance before final fracture occurred on the basal plane of a zinc 

crystal. As a result of these tests, the basal-plane crack theory was 
discarded.

At points not too close to the pileup, the stress field of a pileup

of edge dislocations can be treated as though it was caused by one large

dislocation with a Burger's vector equal to the sum of all the Burger's

vectors of the dislocations in the pileup. The stress field around such
(2)a large edge dislocation was calculated for zinc for the isotropic z 

and the anisotropic^^ cases. The results of these calculations are 

given in Table II. In both solutions the maximum normal stress occurred 

on the plane containing the dislocation line and making an angle of 90° 

to the Burger's vector. The anisotropic solution gave higher values of 

stress than the isotropic solution.

Stroh^^ devised a modified version of the simple dislocation 

theory. He calculated the interactions between the stress fields of 

the dislocations in the pileup after calculating the positions of the 

dislocations in the pileup and found that the plane of maximum normal 

stress was shifted 19 1/2* from the plane predicted by the simple 

dislocation theory.
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To check the simple dislocation theory and Stroh's modification,

symmetrical bicrystals. Fig. 13, were tested in bending fatigue. Table

IV. These theories predict that a dislocation pileup in one grain would

cause a basal plane fracture in the other grain. In all of these samples,

fracture initiated in, and, followed the grain boundary of the sample a

short distance before final fracture occurred on the basal plane of a

grain. At failure the resolved stresses in the close packed direction

in the basal planes of these samples ranged from 690 psi to 725 psi.

To raise this applied stress up to the theoretical basal plane fracture

stress for zinc, 10^ psi, would require a stress raiser of 1430 to 1.

This would imply a simple pileup of 1430 dislocations which would be

about four millimeters long. At present there is no experimental evidence

for dislocation pileups longer than several tenths of a millimeter.
(3)Stroh's slip-band crack theory ' was the only theory that agreed 

with the experimental results. Stroh analyzed the interactions of 

dislocation pileups in several adjacent slip lines of the same slip band. 

Stroh showed!that the stress fields of several adjacent pileups added 

up directly and gave as high a stress concentration as though all the 

dislocations were in the same pileup. Stroh's theory predicts that the 

fracture should follow the dislocation obstacle, which in this case 

would be the grain boundary. This was the type of fracture observed 

in these fatigue samples.
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APPENDIX I : THEORETICAL FRACTURE

STRENGTH OF ZINC

In deriving the theoretical fracture strength of zinc a sinusoidal 

force is assumed between the two planes of atoms being fractured:

F « k sin -?-/Kx ~ a).b

k ** constant

a = equilibrium distance between planes 

b « constant, see the following sketch

x ■ actual distance between two planes

The following sketch shows how the force between two planes of atoms and

the potential energy of the two planes varies with the distance between

them.

F
or
E

Fig. 15. Force and potential energy as a function of interplanar 
spacing X.
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The work done in producing fracture is given by the equation:
a + b/2 

W - (K sin 2^ x~a)dX -

This work appears as surface energy of the two crack surfaces :

W «■ » 2E A. A = area of crack
•I Es = surface energy per unit area

For small displacements near the equilibrium position Hooke1s Law holds

S » EyZ Ey » Young ’ s modulus
S » stress 
Z = strain

F = AE \y a

dF AEy
^  (Hooke's Law) a

F = K sin ?

d| . # C o s  Z7X5=S).
^  (Sine b b

function)

Equating these two values of dF/dX at X = a and solving for K, the 

following equation is obtained:
AE b 

K ” ITT?"

At the fracture stress dF/dX = 0. For this to be so the following 

relation must exist:
Cos M p > =  o,

X = + a.
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Subs ti til ting the above values for X and K into the sinosoidal equation 

for force we obtain the following equation:

Solving for b in the above equation and substituting this value of b 

and the equation for K into the surface energy equation the following 

equation is obtained: _

Solving for S the desired equation is obtained: ^ max

The following values appear to be appropriate for fracture on the basal 

plane of zinc:

E b

S

Eg = 650 ergs per sq cm 
-8a = 4.9 x 10 cm 

Ey = 3.6 x 10** dynes per sq cm

These values give a theoretical fracture stress of 6.9 x 10*® dynes 
6per sq cm or 10 psi.



T9 21

APPENDIX II: ANISOTROPIC ELASTICITY,

GENERAL SOLUTION OF ESHELBY,
READ, AND SHOCKLEY*1^

Eshelby, Read and Shockley obtained a general solution of the elastic 

equations for an arbitrary homogeneous anisotropic solid in which the elas

tic state is independent of one of the three Cartesian coordinates, X^.

This does not imply that any of the displacement components, U^, U ^  or 

Ug are zero, but only that the partial derivative with respect to Xg is 

zero. Using simple three-dimensional Cartesian tensor notation we have 

the strains in terms of the displacements U ^  :

L ij * 1/2
b ! i + &  
è X 4 b h

The most general linear relation between stress T ^  and strain 

involving the fourth order tensor t^e following:

Tij * Cijkm ^km'

where subscripts, i, j, k, and m will take values of 1,2, 3. Substituting 

the value of from the first equation for the following equation is 
obtained ;
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The three dimensional differential equations of equilibrium are expressed 

as :

Since npthing varies with the above equation can be shortened to the 

following equation:

d^iB =5. — n . -D — 1 o

equilibrium the following set of three second-order linear partial 

differential equations is obtained:

The solution of these differential equations is given by an arbitrary 

function of a linear combination of the variables X^ and X^ of the form:

This equation has a solution for the vectors k^, and only if the 

determinant of the coefficients vanishes. This determinant is a sixth 

order polynomial in and Letting P^ « 1 we have a sixth order

polynomial in P^, The roots of this polynomial are .complex and occur in 

conjugate pairs. The condition that the displacements be real requires

xj

Substituting the above value of T,. into the differential equations of
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that the Imaginary parts of corresponding roots cancel. Thus only three

roots of , m e  1,2,3, no two of which are complex conjugates, need 

be considered in solving for . Putting these values of A ^  and

into the above equation for U^, the following equation is obtained:
m e 3

Ü, im e A(a)k £(m) X1 + P(m)X2

From this equation the equation for the stress components is obtained: 
m * 3

Tij " Em dfis)ijkm (m) ijk^ (m)k d X ^  (m) *

wher. Z(m) - X1 + Pm (X2).

The preceding equations apply in a region of elastic distortion, with no 

restrictions placed on the shape of the elastic region. For the dis

location a non-elastic cylindrical region surrounding the dislocation is 

assumed. The diameter of the cylinder is parallel to the dislocation 

line which is parallel to the axis. If T ^  is to be single valued

and analytic in the elastic region of the crystal, it is sufficient that

df(m)
dZ(m) Z(m) be an analytic single-valued function in the corresponding

region of the complex plane, which is bordered by two closed curves 

corresponding to the inner and outer boundaries of the region in the

X^, Xg plane. By Laurent’s theoremdf^ /dZ(m) can be expressed

as a powers series with both positive and negative powers of Z(m)*



57

From this the following equation is obtained:
D/ \ n =» + 00

f (m) [Z(m)] “ + m  lD Z(m) n ?  ^  C(»)nZ (m)

The logarithmic term is the only one which contributes to the resultant 

force on the inner boundary. The terms in n not give a net
force on the boundary but give a net couple on it. These terms enable

us to satisfy arbitrary boundary conditions on the inner and outer cylin

drical surfaces. Substituting this value for f ^  into the equation for 

stress the following equation is obtained:

m = 3 n * n-1 -i

T-j " ?. i[cy - + Wijk,] * c > { ^  i  * S- 2771 (m)
For a dislocation if a cut is made joining the inner and outer

boundaries there will be a discontinuity in the displacement across

the boundary. This discontinuity is equal to the Burgerb vector. The

changes by per revolution about the axis.function fz x (m) Z(m)
The displacement equation now simplifies considerably:

m » 3

“ I  i A (m)kD(n) - *

With this solution along any straight line through the origin the stresses 

can be expressed as a series of inverse powers of r. The term in r * is 

fixed by the Burger's vector and the higher terms by the C ^ n terms. If 

a cylinder of finite length were cut out of the material it would have a 

distribution of stresses on the ends. These stresses would have zero 

resultant force but not zero moment. If these stresses were removed the
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cylinder would be twisted. The C’s will give a solution such that 

the outer surface of the cylinder will be stress free.
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APPENDIX III; ANISOTROPIC ELASTICITY, 

GENERAL SOLUTION OF ESHELBY, READ AND 

SHOCKLEY APPLIED TO ZINC

The first step in applying Eshelby*s solution to zinc was to rotate 

the fourth-order tensor of the elastic stiffness constants so that the 

reference axes were perpendicular to each other, with the and X^ axes 

parallel to the dislocation line and Burger * s vector respectively. The 

reference axes of the original tensor were parallel to the edges of the 

hexagonal unit cell. In making the change the axis was given a 30° 

rotation. The tensor components before and after rotation are given in 

the following table.

Tensor components before rotation^**) Tensor components after rotation
12 210 dynes/cm 12 ! 10 dynes/cm'

ciin * li63 Cllll " 2*547

C2222 = °-623 C2222 58 0,623

C3333 ” 1-63 C3333 ” 0,917

CU 3 3  " °-256 C1133 * 0,498
C2321 = 0,164

59
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Tensor components before rotation(l8) Tensor components after rotation

C1122 “ °'508 G1122 0.635

C2233 - °-508 G2233 0.381

C2323 “ 0,379 C2323 ■ 0.284

=1212 " 0,379 C3131 m 0.821

=1313 " 0,687 G1212 0,473

All others are zero. C2213 m 0.220

C3313 m 0.530

C1113 0.881

The three simultaneous linear equations given by m 0*

are given below with set equal to one:

^  (2.547 + 0.4735P2) + A^P (1.1085) + A3 (.881 + 0.164P2) - 0,

AjP (1.1085 + A2 (.623P2 + 0.4735) + A^P (.384) - 0.

A^ (.881 +.164P2) + A2 (.384P) + A3 (0.821 + 0.284P2) » 0.

Setting the determinant of the coefficients equal to zero the following 

sixth order polynomial in P is obtained:

0.67P6 + 0.284P4 + 0.573P2 + 0.616 - 0.

P„. » + 1.55 i 

P,2) - .72 + 1.22 1 

P(3) - -.72 + 1,22 1 

Solving for the A's the following equations are obtained:

A(l)l ” 1
A(2)] = 1

"( J, 3
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A d )2 " 0

A (2)2 " - 1.12 + .8681

A (3)2 " 1.12 - .8681

A (l)3 “ - 2.42

A(2)3 “ 0

A (3)3 “ 0.

The values of are obtained from the following equation for b:

m =* 3

m . i " W 1 "<■)

b

k ** ^  , A (m) i D(m) *

D, ■ 0; D0 * D0 «

Substituting these values for , A(m)' D(m) an^ Gijk int° t*ie 
following equation, the stress components T^^, ^3 3  ̂^12’ T13> T 23

were obtained:
m a 3 D

Tij J ^ j k m  + P(m) Cijk2]A(m)k + ^  /mX Zi^ 7i (m) (m)

-1.99X, - .47X. -1,99X0 + .47X1
T1X w .0121 Z 1 1 Z 1

T22 - .0121

r.49X22 +Tx1 2+ 0.72X2)'£ 1.49X22 + 1 .72X2)2
.31X2 - .46X^ .31X2 + .46X1
1.49X22 + (X1 + 0.72X2)2 1.49X22 + 1 • 72X2)2

0.55X2 ■- 0.282X.* « .55X2 + .282X1
Too ** • 0121 « o '  o o

1.49Xg +  (Xx +  O.yZXg)'' 1. 49X2 +  (X j - .7 2 X 2)
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T12 - .0121

T13 - ,0121

T23 m .0121

,943X2 + .99X1 -.943X2 + •99X1
2 ' 2 

1.49X2 +  (X1 + 0 .7  2X2>
\ ' 2 ' 2 

1 ,49X2 +  (X j -  . 72X2)

- .6 9 X 2 t .163X1 - .6 9 X 2 +  .163X j

1.49X22 +  (XL + 0 .72X 2) 2 1.49X22 +  (X j -  .72X2) 2

.327X2 +  .343X1 -.3 2 7 X 2 +  . 343Xj

1.49X22 + (X1 + 0.72X2)2 1.49X22 + (X^ - .72X2>2
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APPENDIX IV: GLOSSARY OF TERMS

Burger'a vector

In Fig. 16, a slip plane is shown in horizontal cross section. 

Slip has occurred over the region A but not oven the region B. The 

curved boundary line between the slipped end the unslipped region is a 

dislocation line. In the region A the slip can be described by a 

vector which specifies the direction and distance by which atoms in 

A on the upper side of the slip plane have moved with respect to those 

on the lower side. This vector is called the Burger's vector, or slip 

vector, of the dislocation.

Fig. 16. Slip plane showing the boundary between the slipped 
and unslipped regions.
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Screw Dislocation

A screw dislocation can be defined as a line defect in a crystal 

where the slip or Burger's vector is parallel to the dislocation line. 

Fig. 17 shows the slip process associated with a screw dislocation.

Fig. 17. Slip caused by a single screw dislocation.

On the slip plane ABCD the upper half of the block has slipped one

Burger's vector to the rear relative to the lower half. As the slip 

proceeds the dislocation line AD moves to the left.

Edge dislocation

An edge dislocation can be defined as a line defect in a crystal 

where the slip or Burger's vector is perpendicular to the line defect

or dislocation line. Fig. 18 shows the slip process associated with a

pure edge dislocation.

C
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c

Fig. 18. Slip caused by a simple edge dislocation.

Fig. 18 a is a perfect crystal lattice. In Fig. 18 b the indicated 

shear forces have generated an edge dislocation at A and the dislocation 

has traveled one half the distance through the lattice. The dislocation 

line is perpendicular to the plane of the paper at E. In Fig. 18 c the 

dislocation has moved all the way across the lattice leaving a perfect 

crystal lattice, the top half of which has been displaced one Burger’s 

vector to the right.

Dislocation pileup

If a number of simple edge dislocation lines are moving across a 

slip plane under an applied stress and a dislocation obstacle such as 

a grain boundary stops the motion of the leading dislocation, a dis

location pileup as shown in Fig. 19 will form.
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J. X X X  XXXJ.11..

Fig. 19. Dislocations piling up at an obstacle.

Since the applied shear stress is on each of the dislocations, the 

dislocation at the head of the pileup is under a force n times the 

applied shear stress where n is the number of dislocations in the 

pileup. This can be shown by the principle of virtual work. If the 

lead dislocation is allowed to move forward by a small distance dx,all 

of the dislocations in the pileup move forward by this amount. Thus 

the work done by the applied stress is n times the work it takes to 

move a single dislocation a distance dx. There are repulsive forces 

between these dislocations, and the equilibrium between these repulsive 

forces and the applied shear stress determine the position of the dis

locations in the pileup.

Nonconservative motion of an edge dislocation

The dislocation line and the Burger's vector determine the slip 

plane for normal slip. Since they are perpendicular to each other, they 

uniquely determine the slip plane. If the edge dislocation in Fig. 20 

moved along the path AG instead of AB,whole rows of atoms would have 

to be removed by a solid state diffusion process. If the edge dis

location moved along the path AD,whole rows of atoms would have to be 

added by a solid state diffusion process. When material must be added
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or removed by diffusion for a dislocation line to move, this high 

energy process is called nonconservative motion.

Fig. 20. Simple edge dislocation
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APPENDIX V: HIGH PURITY ZINC

High purity zinc of the following initial composition was used to 

grow the single and bicrystals.

Pb 0.0002%

Cd 0.00005%

Cu 0.00005%

Fe 0.0003%

As 0.000006%

Sn 0.00005%

The zinc single and bicrystals were grown in high purity graphite 

crucibles in an atmosphere of purified hydrogen. The hydrogen was 

passed through a tube of anhydrous calcium sulfate, and over titanium 

chips heated to 1400°F to remove water vapor and oxygen. Because of 

these precautions the single and bicrystals should have had a higher 

purity than the starting zinc.
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