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ABSTRACT

THE EFFECT OF BIAXIAI.IOADING ON THE CRITICAL RESOLVED SHEAR

STRESS OF ZINC SINGLE CRYSTALS

BY

Jerry Allen Barendreght

The macroscopic deformation of {0001} <2ll0> type slip in

hexagonal close-packed zinc single crystals is investigated by sub-

jecting the crystals to a uniform biaxial state of stress. This was

accomplished by loading flat tensile specimens in both the axial and

transverse direction. The transverse load was applied with specially

designed rubber grips. This allowed the effects of the crystal

orientation and the resolved normal stresses on the active slip

system to be uncoupled. In this study the crystal orientation was

held constant and the resolved normal stresses at yield were varied

by varying the biaxial stress ratio at yield.

The design of the loading configuration that resulted in the

largest region of uniform biaxial stress was verified by extensive

elasticity and photoelasticity investigations. The elasticity in-

vestigation established the geometrical limits for the flat tensile

Specimen by modelling the specimen as a finite rectangular beam loaded

transversely along it's sides. Fourier analysis was utilized in

solving for the stresses in the beam. The photoelasticity investiga-

tion with models tested at these limits verified the elasticity

solution, established the geometry of the rubber grips and determined
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the limit that was experimentally practical.

A series of uniaxial single crystal tests established the

critical resolved shear stress to be 70 1:2 grams/mmz. The results

of the biaxial shear stress experiments showed that the critical

resolved shear stress of zinc single crystals decreases as the

resolved normal stresses acting on the active slip system increases.

These results were for {0001} <2Il0> type slip when the angle between

the slip plane and the tensile axis and the angle between the slip

direction and the tensile axis are both 45 degrees.
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I INTRODUCTION

The usual testing procedure in the investigation of the

mechanical properties of single crystals is uniaxial tension or

compression. It has been shown that, when a uniaxial stress is applied

to a specimen and macroscopic yield occurs, the resolved shear stress

acting on a slip system is constant and is independent of the crystal

orientation with reSpect to the tensile axis of the specimen (1, 2).

However, there have been cases where the critical resolved shear

stress has been found to vary (3, 4, 5, 6). All of these experiments

have been in uniaxial tension or compression, where a variation in

the crystal orientation is accompanied by a variation in the resolved

normal stresses on the slip plane.

The concept of critical resolved shear stress in single crys-

tals is a well known concept first investigated by Schmid (1). Schmid

showed that the yield stress of hexagonal metals (cadmium, zinc, and

magnesium) varied greatly with orientation. Later, Schmid, Boas

et 81., (2) showed that when the tensile stress at was converted to

a resolved Shear stress using,

T = Ct sin x cos Y ,

the resulting shear stress at yield was constant for each metal. This

constancy of yield stress is usually referred to as Schmid's law.

Y is the angle between the uniaxial Stress axis and the slip direction,



and ¢ is the angle between the uniaxial stress axis and the slip

plane normal. See Figure 1. T is the shear stress on the slip

plane and the Shear stress at yield is referred to as the critical

resolved shear stress (CRSS).

The CRSS of many metals was examined further by different

investigators who found differences concerning the constancy of the

CRSS (or To) for all orientations of the standard stereographic

triangle. Opinion on the orientation-dependence of now is

*0

divided, partly because of difficulties inherent in the accurate

measurement of To. Often it is very difficult to determine when

plastic flow commences; and T0 is quite structure-sensitive, being

affected markedly by trace impurities or dislocations introduced in

handling (7).

Rosi and Mathewson (8) investigated high-purity aluminum

single crystals for the change in the CRSS with temperature and found

that the Schmid law was obeyed. They used this uniformity of behavior

as an indication that their method for producing and preparing tensile-

test Specimens resulted in structurally-uniform single crystals.

Rose (9), studying plastic properties of copper crystals, found that

the Schmid law was confirmed (with the possible exceptions of the

[100] and [111] orientations). The investigation of Penn, Hibbard

and Leppers (10) on axial extension of alpha brass (70/30) single

crystals show good agreement with the critical resolved shear stress

law. More recently, Hassen (3) expressed the opinion that at

"'0

a given temperature is independent of orientation in nickel; although,

some experimental scatter was observed in his experiments. On the

other hand, Andrade and Aboau (4), and Diehl (5) found that, in



Slip direction

 
 

  

 

  

 
Figure 1. Coordinates for calculating resolved

shear stresses.



copper, orientations near the center of the stereographic triangle

gave nearly constant values of but this result was no longerTo,

true for orientations approaching the boundaries of the triangle

where the operation of other slip systems becomes more likely.

Further evidence that FCC single crystals do not obey the Schmid law

was demonstrated by Lficke and Lange (6) using 99.5 and 99.99 percent

pure aluminum single crystals. In Maddin's and Chen's review of

"Glide in Face Centered Cubic Metals," they stated that "Similar

results (to Lficke and Lange) for high purity copper Single crystals

have been reported by Cupp and Chalmers" (11).

Barrett (12) reported that an increase of hydrostatic pressure

increased the flow stress for nickel and aluminum during plastic

deformation; earlier, he had stated that the normal stress from

hydrostatic pressure up to 40 atm. had no effect on the CRSS (13).

Hull, Byron and Noble (14) reported that tantalum and silicon-

iron single crystals having orientations between [110] and [111]

along the edge of the unit triangle obey the Schmid law when deformed

in tension. Tungsten single crystals, however, do not obey such a

law in this region and exhibit a change in Slip system which cannot

be accounted for by geometrical considerations alone. Also, their

results for compression tests cannot be explained in terms of a

Simple Schmid law.

HCP metals have agreed with the Schmid law more closely than

have ECG and FCC metals. Jillson (15) found that zinc in uniaxial

tension was highly consistent with the Schmid law for slip along the

basal plane; Similar results were obtained by Burke and Hibbard (16).

This constancy of CRSS also has been demonstrated for cadmium and



magnesium.

Since theories for predicting the stress-strain curve of a

polycrystalline aggregate use as a basis for predicting the yield

“‘0

stress, it is evident that the dependence of T upon complex stresses

0

needs to be understood. Honeycombe (17) reviewed those theories which

led generally to the determination of the mean orientation factor

m for the relationship a = ST, between the tensile stress and the

resolved shear stress. Sachs (18) and Taylor (19) found values for

m of 2.238 and 3.06 respectively, and BishOp and Hill (20) confirmed

that the approximate value for m is about 3.1. When these values

for m were calculated, the Schmid law was always assumed valid.

The validity of this law has been shown only for uniaxial tension

in HCP single crystals but not for the complex state of stress

actually occurring in crystals in the aggregate.

All of the investigators mentioned above have studied the

mechanical properties of metals subjected to uniaxial stress fields.

This type of testing leaves the normal stress and orientation effects

coupled.

The purpose of this experimental investigation is to test

the hypothesis that macroscopic yield in single crystals is determined

only by the shear stress on the active slip system and is independent

of the resolved normal stresses. This hypothesis is, of course,

based on the assumption that all other variables Such as dislocation

density, impurities, oxide films, temperature and etc. can be held

constant.

In order to test the hypothesis, one needs to separate the

effect of the two above mentioned variables, namely, the crystal



orientation and the resolved normal stresses. This separation of

variables was accomplished by testing single crystals of zinc in a

uniform biaxial state of stress. The uniform biaxial stress field

was imposed on an ordinary flat tensile specimen by gluing rubber

grips to the edges as shown in Figure 2.

The relation between stresses on the slip plane and a biaxial

load may be understood from Figure 3. The crystals were oriented

such that the slip plane normal, the slip direction, and the tensile

axis were all in the same plane. For this Special orientation, the

X'X'XS coordinate system is simply a rotation of 9 degrees about
1 2

the X3 axis. Xi is perpendicular to the slip plane and X' is

2

colinear with the slip direction and Y = x = 90 - ¢. The stresses

in the unprimed axis are transformed to the primed axis by

' =

°ij 0’11- “js °rs ' (2)

The first subscript indicates the direction of the normal to the

plane on which the stress is considered; the second subscript denotes

the direction of the stress itself. Noting that Y = 90 - ¢, the

stress components on the slip system (primed coordinates) as a func-

tion of ¢ are:

011 = all sin ¢ + 022 cos ¢ , (3)

02.2 = 011 COS (D + 022 Sin 95 , (4)

Oiz = (022 - 01].) Sin ¢ COS Q 9 (5)

for

°21 = “’31 = c’13 = °33 = °23 = °32 = 0 ° (6)
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Figure 2. Biaxial loading of flat tensile specimen.
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Figure 3. Coordinate transformation and Stress definition.

  
  

¢ - degree

Figure 4. Resolved normal stress as a function

of orientation (¢).



These formulae may be written in terms of the ratios of normal

stresses on the Slip plane to the shear stress on the slip plane as:

  

  

a /o

0 /o = tan + cot ¢ (7)

o /o
. . 11 22 l

a /o = _ cot ¢ + _ tan ¢ . (8)

22 12 1 011/022 1 011/022

These equations are plotted in Figure 4 with the stress ratio

°11/°22 as a parameter. The parameter all/022 introduced by the

biaxial load permits independent variation of the resolved normal

stresses and the crystal orientation.

The effect of the resolved normal stress on the CRSS of

single crystals can be investigated by holding ¢ constant while

the resolved normal stress is varied by varying all/o On the
22'

other hand, if one wants to study the effect of crystal orientation

on the CRSS, all and 052 at yield can be made constant while the

orientation is varied by adjusting the biaxial load. However, the

specimen geometry does not permit complete variation of the normal

stresses since only tensile forces are applied. The curves for

011/022 = 0 are thus lower boundaries on the stress ratios. In

this research program, ¢ was held constant and 011 and 052 at

yield were varied by varying all/022'

An elasticity solution coupled with a photoelasticity in-

vestigation established the design of the loading configuration.

The elasticity solution fixed the limits on the width of Specimen

(2H) to length of loading (2C) ratio (H/C). These geometrical limits

were such that 80 percent of the central portion (test section) of

the Specimen was subjected to a uniform biaxial stress field.
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The photoelasticity investigation verified that the rubber

grips generated a uniform normal surface traction at the bonded

interface. These rubber grips were slit in order to reduce the

Poisson effect of the rubber and minimize the Shear stress at the

bonded interface between the rubber grip and the Specimen. If this

shear Stress is reduced to zero, the stress applied to the specimen

boundary is effectively a pure normal stress.

The zinc single crystals used in the shear stress experiments

were grown by the modified Bridgman (21) technique. There was no

attempt to obtain the lowest value for the critical resolved Shear.

stress, but the emphasis was on generating single crystal Specimens

that would yield consistently. The crystal orientation was Such that

I

11 “22'

The results obtained from a series of uniaxial tests showed

¢ = W was equal to 45 degrees; therefore, 0 equals

reproducible yielding of the zinc single crystals. The results of

the biaxial shear stress experiments indicated that when the orienta-

tion was held constant, and the normal stresses acting on the basal

slip system at yield increased, the resolved shear Stress at yield

. . '

decreased. By varying 011/022 at yield from 0.0 to 0.62, all/T0

was varied from 1 to 3. This variation in the resolved normal

stresses resulted in a decrease of oiZ/T from 1.0 to 0.7 for
0

I

all/TO greater than 2.



II IDADING CONFIGURATION

The objective of this section is to describe the design of

a loading and specimen configuration that will allow one to test

anisotropic structures and materials under biaxial loading.

There are several ways one can obtain a biaxial state of

stress. A thin walled cylinder, a large flat plate, a biaxially

loaded square or a flat tensile specimen may be used. The following

must be considered in determining the loading configuration; goal

of research program, type and structure of material needed to obtain

this goal, size of loads required, and how state of Stress can be

verified. In this research program, the goal required the variation

of the normal stress at yield on the active Slip system of zinc single

crystals. Zinc single crystals have a low yield strength; therefore,

the load requirement will be low. The use of a thin walled cylinder

was eliminated, because the axes of anistropy are continuously varying

with reSpect to the principal stress axis. A large flat plate was

eliminated by the inability to grow a sufficiently large single crystal

of preferred orientation. A preliminary photoelasticity investiga-

tion of a thin square loaded biaxially showed a region of uniform

biaxial stress too small to be useful. The final choice was a flat

tensile Specimen loaded in the transverse as well as the axial

direction. This was the most favorable choice for the following

reasons: it could be grown in the existing crystal-growing furnace

11
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to the size required for the shear stress experiments, preliminary

photoelasticity investigation indicated that it had a large region

of uniform biaxial stress, and the State of stress at the interface

of the grips and Specimen could be verified by comparing an isotropic

elasticity solution with a photoelasticity solution.

The design and geometry of the specimen and rubber grips

required careful investigation to insure that a large region of

uniform biaxial Stress would be available for observation. Therefore,

an elasticity and photoelasticity solution were undertaken to verify

the State of stress. The Specimen was modelled as a finite rectangular

beam 2L long and 2H wide with its sides subjected to a uniform normal

surface traction over a length 2C. The elasticity solution was in

the form of a single Fourier series. The results of this solution

established the limits of the geometry parameter, H/C, which would

produce the largest region of uniform biaxial stress.

The flat tensile photoelastic specimens were made to fall

within these limits. The grips used to apply the transverse load to

the flat tensile Specimen were designed such that they would generate

a uniform normal stress at the bonded interface yet not reinforce the

sides of the Specimen appreciably. The details of the elasticity

and photoelasticity investigations are discussed at length in section

A and B below.

The results of the elasticity and photoelasticity investigation

verified that the rubber grips could be used to generate a uniform

normal stress at the bonded interface between the rubber grips and

the specimen. The biaxial stress difference (022 - all) for a

region that covered approximately 80 percent of the test section
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was equal to 10215 percent of the applied transverse stress oil

For this entire region, the photoelasticity and elasticity solutions

were within i_2 percent of each other. Therefore, rubber grips slit

at 1/8 inch interval and to within 0.035 inch of the bonded interface

can be used to generate the uniform normal surface traction needed

to carry out the shear stress experiments.

A. Elasticity Solution

The purpose of the elasticity investigation was to determine

the specimen geometry that would insure the largest region of uni-

form biaxial stress when loaded in both the axial and transverse

direction.

1. Theory

The solution of the stress distribution in the Specimen's

test section was considered in two parts, and the results were

superimposed. The first part was that of a simple tensile specimen

subjected to and axial load. The solution to this part iS

_ I I
— 022, where a

22 = PZ/AZ’ A = 2H: and t is the Spec1men

°22 2

thickness. For the second part, the Specimen was modelled as a thin

finite rectangular beam with a width (2H) to length (2L) ratio

(H/L) << 1 which was subjected to a uniform normal stress, 011’

in the X direction as shown in Figure 5. Fourier analysis was

1

utilized to determine the stress distribution in the finite rectan-

gular beam (22).

The boundary conditions are:



l4

 
W/l/lfl Test sect ion

Figure 5. Finite rectangular beam for elasticity model.
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I

o , -1,< x2 < -C and C < X2 < L,

012 = 0,

x2=iL’ °22=°’ 012:0'

Since the body forces are zero, the following form of the

Airy stress function was considered,

2

m DOX2

@ = n2100s anx2[A Cosh anxl +-DBnX1 Slnh enxlj +--E——- . (9)

Parforming the necessary operations on equation (9), applying the

boundary conditions to solve for the constants A and D, and select-

ing 3 equal to nn/L, one can arrive at the following solution
n

for the stresses in the beam.

 

 

I . . .
m 2011 . CosthX1(BnH CosthH-iSthnH)-BnX181nthH81nthX1

all: 2 SlanC

 

 

 

“=1 anL BnH + Sinh gnu Cosh gnu

oils

°(COS BnXZ) 'f L (10)

I . . .
a = 2 2011 Sing Cl:(BnXISinhanx1+ZCosthX1)SinhanH-Coshenxl(BnHCosthH+SinhenHil

22 “=1 BnL n BnH +-Sinh_BfiH Cosh BnH J

-(Cos BnX2E} (11)

I . . . .
a g a; 2011 Sina C[(BnX1CosthX1-l-SinthX1)S inthH-S inthX1(BnHCosthH-PS inthH)]

12 “=1 anL n BnH +-Sinh BnH Cosh BnH

-(Sin an2)} . (12)

Equations (10), (11) and (12) were evaluated by summing the first

200 terms of the series to obtain the desired convergences of the

solution (23). By dividing both sides of the equations (10), (11)

and (12) by 011’ the solution was obtained in dimensionless form.
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To determine the effects of Specimen geometry on the stress distribu-

tion, C was held constant, and H was varied such that the ratio of

the width of the Specimen to the length of loading (H/C) varied from

0.05 to 1.5.

2. Results

The results are plotted with the Stress ratios on the ordinate

and the geometric parameter (H/C) on the abscissa. Each family of

curves, for each stress ratio, was plotted for a particular Xl/H

distance along the X1 axis with Xz/C as a parameter as shown in

Figures 6 through 9. With the solution plotted in this form, the

stress distribution can be determined for any H/C ratio for which

H/L << 1. Figure 6a through 6d shows the following stress distribu-

tion in the Specimen's test section for X1/H equal to 0.0:

a, 011/011:1 vs. H/C; b, 022/011 vs. H/C; c, 012/0?1 vs. H/C;

d, (022 - 011)/oi1 vs. H/C. Since the resolved shear stress is

related to the stress difference (022 - all), the Specimen geometry

that yields the largest region of uniform biaxial stress difference

along with 012 = 0 is the specimen geometry suited for the testing

of the zinc single crystals. Therefore, only the stress difference

and Shear stress results are shown in Figures 7 through 9, for Xl/H

equal to 0.5, 0.75 and 1.0, respectively. In examining the stress

difference curves, it is observed that Specimens with an H/C ratio

equal to 0.25 have the largest region of uniform biaxial Stress dif-

ference, i.e. 022 - 011 = (1.02 : 0.02)aIl1 over at least 80 percent

of the specimen's test section. For H/C equal to 0.5, 022 - all is

equal to (1.02 i;0.05)a§1 over 80 percent of the test section. As
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H/C is increased above 0.5, the size of the uniform stress difference

region steadily decreases. Therefore, for equal to

°22 ' °11

(1.02 j:0.05)oi1 over 80 percent of the central portion of the test

section; the extreme limits of H/C were established to fall between

0.25 and 0.50. These limits allow one to subject a Specimen to the

largest region of uniform biaxial stress. Based on these results,

the photoelastic specimens were made such that the stress distribution

could be verified at the upper and lower limits of H/C.

B. Photoelasticity Investigation

The purpose of the photoelasticity investigation was to design

rubber grips such that they would generate a uniform transverse normal

Stress at the bonded interface and to verify the Specimen geometry

suggested by the elasticity solution. Also, the lower experimental

limit of H/C was to be established. The above were verified by

demonstrating that the size and shape of the uniform biaxial stress

region was the same as the elasticity solution for flat tensile

Specimens subjected to both transverse and biaxial loads.

Normal incidence was used to determine the principal stress

difference (aII - OI) for all the tests. An oblique incidence

Study was attempted; but due to the large stress difference and the

small value of 01’ it was impossible to separate the stresses. This

impossibility was verified by a calculation which showed that, for

a one percent change in the oblique incidence fringe value, the

principal stresses would have to change as much as 33 percent. Also,

the elasticity solution showed a maximum change in the stress levels

along principal axis of rotation of not more than 6 percent which
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would require the detection of less than 0.2 degrees rotation of the

analyzer. This was less than the error band of the Tardy compensation

method used to measure the fractional fringe orders.

Uniaxial tests with and without rubber grips were run to

calibrate the modelling material and Show that the rubber grips didn't

reinforce the specimens, and photoelastic specimens were subjected

to transverse and biaxial loads to design the rubber grips and to

verify the elasticity solution.

The following equipment was used to test the models: a

circular polariscope; a photodiode which was mounted on a X-Y scanner

to sense the intensity of the light transmitted through the model;

and a simple testing machine consisting of an 8 to l lever system

to apply the longitudinal load, and a pulley System to apply the

transverse load. The circular polariscope shown schematically in

Figure 10 was equipped with a mercury light source. The camera shown

to the right of the analyzer was used to project the image of the

specimen onto the plane of the photodiode. The X4Y Scanner allowed

point by point determination of the fringe values for the entire test

section. The output signal from the photodiode was observed on an

oscilloscope. Then the fringe value was determined by rotating the

analyzer to obtain the angle Ym for which the intensity I was a

minimum. The fringe value (N) was calculated by using the relation-

ship, N = n + vm/180, where n is the value of the dark-field

isochromatic fringe that is moved to the point of interest by a clock-

wise rotation of the analyzer. The error in determining the fringe

value (24) was reduced to a minimum by reading the value of y both

before and after the minimum intensity, where the noise level was the
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Figure 10. Circular polariscope (schematic).
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lowest, see Figure 11. Then the following equation was used to

determine Ym’ Ym = (ya + vb)/2 where Ya and Yb are the

angular values of y before and after the minimum intensity,

reSpectively, required to produce the same intensity I Even0'

though the time required to record all the data was considerable,

the value of the first point determined at the Start of the test

didn't vary by more than :13 percent when checked at the end of the

test. When the datum points had been taken, the principal stress

difference was determined by all - OI

calibration constant for the material.

= KN, where K is the

The lever arm friction of the testing machine, see Figure 12,

was such that when a 3 gram load was applied, a shift in the fringe

value could be detected. The load cell and its calibration curve

are Shown in Figure 13. The load cell was used to measure F2 for

the uniaxial tests and F1 for the transverse and biaxial tests.

P2 for the biaxial tests was calculated by a static moment equation

derived for the lever arm system. The load cell was capable of

detecting 10 gram change in the load. Hence, the error in determining

the values of the input loads was less than i 0.5 percent.

The comparison of the unaxial results indicated that the rubber

grips didn't reinforce the specimen. The transverse and biaxial test

results were compared with the elasticity solution and found to agree

to within 1 2 percent.

1. Specimen Details

The Specimens were milled out of 1/8 inch thick sheets of

photoelastic material, PSM-l, purchased from Photolastic Corporation.
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Figure 11. Fractional fringe order determination.
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The photoelastic models were made to Specifications that would allow

investigation of the upper and lower limits of H/C. These specimen

dimensions are shown in Figure 14. Specimen A is for the lower limit

of H/C, and Specimen B is for the upper limit.

The selection of rubber for the rubber grips was based on:

elastomer bonding index Shown in Figure 15 (25, 26, 27), strength,

and availability. The rubber selected on these basis was neoprene.

The rubber grips were cut to the geometry shown in Figure 16 with the

aid of the cutting jig shown in Figure 17a. The slits were cut at

1/8 inch intervals. This was the narrowest that the strips could be

cut and still maintain a uniform cross section the full length of the

strip. The Slits were cut to within 0.035 inch of the grip end that

was bonded to the Specimen. Cutting the slits this close to the end

effectively reduced the shear Stresses at the bonded interface to zero.

The results of not cutting the slits close enough to the bonded inter-

face are shown in Figure 18. The rubber grips used to obtain these

results were slit to within 1/8 inch from the bonded interface. This

resulted in the uniform biaxial stress region and the maximum value

of the principal stress differences being 50 percent less and 25

percent greater, respectively, than that of the elasticity solution.

2. Specimen Preparation

Both the rubber grips and the specimen were given a thorough

cleaning and then placed in a furnace to remove any moisture from the

surfaces to be bonded. Next, the bond surfaces were cleaned abrasively

to roughen the surfaces and then wiped clean with acetone. The clean-

ing of the bond Surfaces with acetone just prior to the application
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Dimensions (inches)

 

 

 

          
 

 

Specimen 2c D E 2H 2L R T H/C

A 1 1 1/2 3/4 1/4 4 1/2 1/8 0.25

B 1 1 1/2 3/4 1/2 4 1/2 1/8 0.50

O

  
\

2
C

P2“ .

 

2
L   

  

  
T1

1

[I I

Figure 14. Photoelasticity Specimen details
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Figure 17a. Rubber grip cutting jig.

fl

 

Figure 17b. Gluing jig for photoelastic specimen.
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of the adhesive was necessary to remove the abraded particles and to

soften the surface of the photoelastic material. This softening of

the photoelastic material insured a strong rubber to plastic bond.

Next, the bond surfaces were sparingly coated with Chemlok 305 two

part epoxy based adhesive (28) and aligned with the aid of the gluing

jig Shown in Figure 17b. Then the entire assembly was placed in a

furnace at 1200F to cure. The full strength of the bond was develOped

after about 24 hours curing time. The final step in the Specimen

preparation was to apply a fine Opaque cross to mark the center of

the test section. When this cross was moved over the photodiode,

the intensity of the transmitted light dropped approximately 20 per-

cent. This made it possible to accurately locate the center of the

model and still determine the fringe value at that point.

3. Testing Procedure

The prepared specimen was positioned in the testing machine

and preloaded. After the specimen temperature distribution due to

handling had equilibrated, the Specimen alignment was checked with a

laser and mirror system to be certain that the specimen was perpen-

dicular to the optical axis of the circular polariscope. The optical

elements in the circular polariscope were arranged such that the

quarter-wave plates were crossed, and the polarizer and analyzer were

crossed; i.e., a dark field arrangement. The quarter-wave plates

were removed, and the principal stress directions were checked. Then,

with the quarter-wave plates in position, the Specimen was visually

checked for bending.
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The data was taken in the form of a matrix which covered one

quadrant of the test section. The first row was taken parallel to

the X2 axis with Xl/H equal to zero. There were 9 equally Spaced

points taken along this line. The remainder of the matrix was made

up of rows of data taken for Xl/H equal to 0.25, 0.5, 0.75 and 0.875.

This made it possible to compare the size and Shape of the photo-

elasticity solution with the elasticity solution.

4. Experimental Results

The results of the uniaxial tests are shown in Figure 19 in

the form of a calibration curve for the photoelastic material. Both

with and without rubber grips, the models yielded the same results.

Therefore, the rubber grips didn't reinforce the specimen test section.

The results of the transverse and biaxial tests are tabulated in

Tables 1 through 3. Table 4 Shows the theoretical Shear stress dis-

tribution for H/C equal to 0.5. These tables represent one quadrant

of the test section. The rows of the matrix are for Xl/H equal to

0.0, 0.25, 0.50, 0.75 and 0.875. The columns are at the positions

Xz/C designated in the tables. The tabulated values represent

(aII - OI)OI1 for the photoelasticity solution and (022 - 011)/o§1

for the elasticity solution. Each row is made up of two rows of

values. The values above the line are for the experimental results,

and those values below the line are for the elasticity solution.

This made it easy to compare the two solutions. When comparing the

solution, one must remember that (aII - CI) = (022 - all) is only

true when 012 is zero, and 022 and all can be considered

principal stresses.
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The results of loading Specimen A in the transverse direction

are tabulated in Table 1. The solutions agree along the center line

of the specimen. But the experimental solution away from the center-

1ine of the specimen fluctuates above and below the theoretical results,

because the specimens test section is too narrow for the 1/8 inch

thickness of the specimen. Therefore, this Specimen geometry is

experimentally impractical for use in the shear stress experiments.

The results of loading specimen B in the transverse direction

are tabulated in Table 2, and the results of loading Specimen B

biaxially are tabulated in Table 3. Here the solutions agree through-

out the entire test section. Table 4 is the elasticity solution of

012/011 for sepcimen B loaded transversely. This indicates that the

shear Stress throughout the entire central portion of the test section

is less than 1’5 percent of 011' Since the solutions agreed where

the shear Stress was zero, one can safely say that the elasticity

and photoelasticity solutions agree to within 1 2 percent for the

size and shape of the uniform biaxial stress field, and that the

rubber grips did generate a uniform normal surface traction at the

bonded interface for H/C equal to 0.5. Also, by comparing the trans-

verse and the biaxial results of Specimen B, it is observed that even

when the rubber grips are subjected to a load the specimen test

section isn't reinforced.

C. Discussion of Results

The loading configuration design was established to be a flat

tensile Specimen subjected to both axial and transverse loads. The

transverse loads were applied by adhering slitted rubber grips to
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the edge of the Specimen's test section.

An elasticity solution coupled with a photoelasticity investiga-

tion verified this loading configuration. The elasticity solution

suggested that the geometrical limit (H/C) of the specimen should fall

between 0.25 and 0.50 for a uniform biaxial stress region that covered

approximately 80 percent of the specimen's test section. The biaxial

stress difference in this uniform biaxial stress region was equal to

102 i 5 percent of the input stress oll’ i.e. (022 - 011) =

(1'02.i 0°05)°I1' The photoelasticity investigation established the

geometry of the rubber grips to be 1/8 X l X 4 inches with slits at

1/8 inch intervals which were slit to within 0.035 inch of the bonded

interface. Photoelastic models were made to Specifications that

would yield models for testing at the upper and lower limits of H/C.

When the results of the photoelastic models subjected to trans-

verse and biaxial loads with the rubber grips were compared with the

elasticity solution, it was observed that the solutions at the upper

limit of H/C agreed to within i;2 percent throughout the entire region

of uniform biaxial stress, but the lower limit proved to be experi-

mentally impractical. Therefore, the dimensions of the zinc Specimen

were made to the same Specification as the photoelastic models

with H/C equal to 0.5 except for minor changes which enable the zinc

single crystals to be grown. The details of these changes are

covered in section A of Chapter 111. Also, Since the uniform biaxial

stress region symmetrically covered 80 percent of the Specimen's test

section, the clip gage length for the clip gage to be used in the shear

stress experiments was established at 0.8 inch and located symmetrically

about the X1 axis along the centerline of the Specimen.



III SHEAR STRESS EXPERIMENTS

The elasticity solution and the photoelasticity investigation

suggest that the zinc specimen for the shear Stress experiments should

have a geometric parameter, H/C, of 0.5 to obtain the largest region of

uniform biaxial Stress. The flat tensile specimen shown in Figure 20

meets these geometric requirements and still falls within the Specimen

size limit (maximum width of 3/4 inch) of the crystal growing furnace

to be discussed in section A below.

The purpose of the shear stress experiments was to Subject

zinc single crystals to a uniform biaxial State of stress in order

to determine the effect of the resolved normal stress on the critical

resolved Shear stress. This was accomplished by loading the Single

crystals with rubber grips in the manner described in the previous

chapter. Since the crystals of an aggregate are subjected to a very

complex stress field, the response of the crystals to biaxial loading

may lead to a better understanding of the behavior of aggregates.

The Specimen orientation was Such that g and Y were both

45 degrees. This choice of orientation was based on the following

four reasons: (1) Jillson had the closest agreement with theory for

this orientation, i.e. for a Schmid Factor (cos ¢ cos Y) equal to

0.5; (2) One can easily determine the yield point for this orienta-

tion, because the easy-glide region of the stress-strain curve is

nearly flat; (3) The yield strength is the lowest Possible. there-

fore, one can vary all/O22 at yield over a larger range of values

44
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than would be possible for a higher yield strength; and (4) Twinning

won't occur for this orientation (29, 30, 31).

The approach in the crystal growth was to produce Single

crystals as nearly identical as possible, but not necessarily with

a minimum To. This was sucessfully accomplished and the details of

crystal growth and handling procedure are given in section A and B

below.

The Shear stress experiments were carried out in uniaxial

and biaxial tension. The uniaxial tension tests established the con-

sistency of the CRSS, the negligible effect on the Slip mechanism

of gluing the rubber grips to the sides of the crystals, and the

uniformity of the surface traction generated by the rubber grips.

Specimens with and without rubber grips were tested with the load

applied parallel to the tensile axis. To test the uniformity of the

surface traction at the bonded interface, additional specimens were

loaded in tension in the transverse direction and polished and etched

to determine the uniformity of the slip throughout the test section.

The result of the etching verified the existence of uniform slip.

The biaxial tension tests required simultaneous application of P1

and P2. This was accomplished by a balance and pulley system coupled

with an Instron. The details of the testing procedures are discussed

in full in section C of the present chapter.

The results of the shear stress experiments Show that for

the uniaxial test T varied between 68 and 72 grams/mmz. The results

0

of the biaxial loading are plotted in Figure 53 where the resolved

Shear Stress ratio at yield (alziy/TO) is plotted as a function of

the resolved normal Stress to critical resolved shear stress ratio
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(Olliy/TO) at yield. One can see that the experimental results

fall well below the theoretical curve for all‘y/TO greater than 2.

In conclusion, one could safely say that the resolved normal stress

on the basal Slip system does effect the CRSS of zinc Single crystals.

For a more detailed account of the results, see section D of the

present chapter.

A. Crystal Growth

The specimen stock was machined from 1/4 inch thick strips

sawed out of hexagonal ingots of high purity zinc (99.99+) purchased

from Mattiessen and Hegeler Zinc Company. The specimen stock in

Figure 20a was made long enough to yield the desired specimen size

shown in Figure 20b. It was necessary to round all corners to pre-

vent the nucleation of crystals of different orientation at these

corners. The lower end (stem) of the Specimen stock was machined

at a 45 degree angle with respect to the tensile axis. Also, the

seed was cleaved on the basal plane by chilling it in liquid nitrogen

(31) which made it possible to obtain the exact orientation of the

seed. The cleaved surface of the seed was then welded to the 45

degree surface of the stem with an acetylene torch using ammonium

chloride as a flux. Both the Specimen Stock and seed were cleaned

in dilute hydrochloric acid before and after welding. Next, the

orientation of the seed with respect to the Stock was checked by Laue'

back-reflection. The stem was bent when necessary to obtain the

correct orientation. Then the seed and seed end of the Specimen

were polished for 5 minutes in polishing solutions developed by

Vreeland et a1. (32) to remove dislocations introduced during handling
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and by sharp corners at the weld joint.

The seed end of the Specimen was then placed in the slot of

the lower thermal block (TL) shown in Figure 21. The slot of the

upper thermal block (TU) was placed over the top of the Specimen,

and the alumina powder mixture was packed around the Specimen through

the Openings in T The thermocouples used to record the axialU'

temperature gradient were positioned inside the crucible at the

upper and lower thermal blocks as shown in Figure 22. This made it

possible to control the solidus-liquidus interface at 3/8 1 1/8 inch

from the bottom of the seed. The packed crucible was then suSpended

by alumel wire such that the lower end of the seed was 2 inches

below the top of the lower furnace as shown in Figure 23.

The furnace was preheated to the temperature necessary to

melt the entire specimen except for the lower 3/8 inch of the seed.

Then the soak period was set of 3 1/2 hours. This soak was required

to obtain a uniform temperature distribution throughout the entire

Specimen. At the end of the soak period, the furnace was program

cooled such that the crystal growth rate was 1 mm/min.; and at the

same time, a constant axial temperature gradient was maintained. A

typical axial temperature gradient, as recorded by the thermocouples

in the crucible during soak, is as follows:

Upper thermocouple......4900C,

Lower thermocouple.....412°C.

B. Crystal Preparation

During all the specimen preparation, the Specimens were trans-

ported by means of the holders Shown in Figure 24. Holder A was
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designed to hold the Specimen during the X-ray of the specimen and

the cutting of the specimen to length. Holder B was designed such

that the remaining specimen preparation could be completed without

the Specimen ever being removed from the holder or handled directly.

Both holders were made of plexiglas, and the specimens were held

firmly in position with neoprene rubber pads. This handling pre-

caution was taken to keep the specimen's dislocation density from

increasing. Also, the holders protected the test section from

accidental damage.

The crystal specimen was cleaned in concentrated hydrochloric

acid and visually examined. Next the crystal was placed in holder A

and x-rayed to insure that the crystal was a single crystal and of

the correct orientation. The crystal and holder A were then posi-

tioned on the wire saw table as shown in Figure 25, and the specimen

was cut to an overall length of 4 inches. The Specimen and aluminum

grips (shown in Figure 27) were cleaned with 50 percent hydrochloric

acid, and the rubber grips were cleaned with acetone. Next the

Specimen was placed in holder B, and then fastened to the gluing jig

as Shown in Figure 26. The gluing jig was designed such that all the

grips could be aligned and then adhered to the Specimen without re-

moving the Specimen or holder B from the jig. Following the gluing

of the aluminum and rubber grips to the specimen, the clip gage tabs

were positioned and glued to the Specimen with the aid of a traveling

microscope. After the tabs had been cured in the furnace, the entire

specimen was chemically polished for two minutes with solutions

suggested by Vreeland et a1. Then, the specimen was thoroughly dried

with a hot air dryer, and the Specimen dimensions were measured.
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Figure 25. Wire saw

 

Figure 26. Gluing jig for zinc specimens
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Chemlok 305 two part epoxy based adhesive was used for adher-

ing all the grips and clip gage tabs to the specimen. In all cases,

the bonded joints were cured in a furnace for 8 hours at 1200F to

obtain the maximum bonding strength. The clip gage tabs were

1/16 Diameter X 3/32 eyelets purchased from United Shoe Division

Machinery.

It is believed that the consistent growth procedures, the

careful handling of the specimen, and the careful Specimen prepara-

tion as described above were the reasons for the consistent results

obtained in the shear Stress experiments.

C. Testing Procedure

The prepared specimen and bolder B were loaded into the test-

Ing machine, and all the grips were pinned to their appropriate load-

ing links before the holder was removed. Then the clip gage was

attached, and the specimen was preloaded with 200 grams. The

sensitivity of the clip gage was such that one could sense a 5 X 10-5

in/in change in the gage length. Immediately following the preload,

the subsequent loading was started with as little delay as possible.

The strain rate in the specimen test section was 27 X 10-.4 percent

per second. In all the tests P was applied with the Instron and
2

P with the pulley System shown in Figure 28. This pulley system

was actuated by filling a 20 gallon bucket with water at a constant

rate. P was measured with the load cell shown in Figure 13, and
1

the continuous P vs. time curve was recorded on an X4Y recorder.

l

The test equipment was calibrated just prior to running each test.

For the uniaxial tests, the load P2 was applied with a

constant crosshead speed of 0.02 cm/min. The specimens with the



F igure 28 . B iaxial test ing machine

. Back view

 

Front view
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rubber grips glued to the edge of the test section were preloaded

in the P1 direction with 180 grams, before the axial load was

applied. This kept the rubber grips aligned with the specimen so

that there wasn't any bending Stress applied to the test section.

The P2 vs. time curve was recorded on the Instron chart recorder,

and P2 vs. percent Strain curve was continuously recorded on a

X4Y recorder. The uniaxial transverse load was applied in the P1

direction with the pulley system such that the strain rate in the

test section was the same as the axial loading. The P1 vs. time

curve was recorded on an X4Y recorder, and the P1 vs. percent

strain curve was recorded on a second xay recorder.

The biaxial loading of the specimens required careful align-

ment of the Instron heads and the pulley system. It also required

both axial and transverse preloading of the specimen. The effects

of improper alignment and no preload on the simultaneous loading of

the specimen are shown in Figure 29. A polycrystalline Specimen was

subjected to a biaxial load. Curve A shows a typical P2 vs. time

curve for prOper prestress and alignment as recorded on the Instron

chart recorder. Curve B is for improper alignment with correct pre-

stress. Curve C is for no prestress with prOper alignment. As can

be seen from the above results, it is necessary to carefully align

the equipment and properly prestress the Specimen to insure the

simultaneous loading of the Specimen. It should be emphasized that

the preloads were well below the load required for yielding.

Careful control of the loading was required to prevent

negative straining (i.e. a negative elastic response caused by apply-

ing P1 to fast.) and to prevent premature plastic deformation in
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the test section before P1 was fully applied. If P1 was applied too

fast, the resulting negative strain has to be recovered before a

positive resolved shear stress would reSult. Also, for large values

of P , creep might occur. If P1 was applied too slow, the test

1

section would be plastically deformed by the axial load before P
l

was fully applied. But when the loads are applied simultaneously

such that all < 022 as shown in Figure 30, the creep doesn't occur,

there is no negative strain to recover.

The Single crystals were chemically polished and etched with

Vreeland's solutions after they had been tested. Then they were

examined on a Bausch and Lomb Research Metallograph. The etch pits

revealed that the specimens yielded uniformly on the basal slip

System throughout the entire uniform biaxial stress region of the

test section. Figure 31 is a typical photomicrograph of uniform

basal slip observed in the test section.

D. Shear Stress Results

All the single crystals with ¢ = Y = 45 degrees were deformed

under uniaxial and biaxial tension by {0001} <2IIO> type Slip. The

deformation was stopped at one percent or less to save the Specimens.

The results of all the tests were plotted with the stress on the

ordinate, and the strain on the abscissa.

The nominal stress-strain curve for the four uniaxial tests

are plotted in Figures 32 through 34, and the resolved shear stress-

strain curves are plotted in Figures 35 to 38. Test Numbers 2, 3,

and 6 were run primarily for the purpose of testing the equipment.

The crystals used were not good crystals; that is, the orientation
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Figure 31. Photomicrograph of uniform slip in

Specimen test section.
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wasn't correct or the dislocation density wasn't the same as the

other crystals. Therefore, the results of these tests were not in-

cluded. Test No. 1 and 4 were Specimens having rubber grips adhered

to the test section. The load was applied in the P2 direction after

the Specimen was preloaded in the P1 direction. Test No. 5 was

loaded in the axial direction without rubber grips glued to the test

section. Test No. 18 was loaded transversely by applying the load

with the pulley system. This test was run last because of the

possibility of damaging the testing equipment. The test was ended

abruptly, when it started to yield, to prevent catastrophic yielding

due to the high energy stored in the extended rubber grips. The

uniaxial results tabulated in Table 5 indicate reproducible yielding;

i.e., To equal to 70‘: 2 gram/mmz. The results also indicate that

the rubber grips didn't effect the yielding of the crystals. These

results verify that all the single crystals had approximately the

same dislocation density and oxide film coating before running the

tests. Therefore, since the specimens for the biaxial shear stress

experiments were grown and prepared the same as the uniaxial Specimens;

the variation in the resolved shear stress at yield would primarily

be due to the normal stresses.

The nominal stress-strain curves and the resolved Shear

stress-strain curves for the biaxial tests are plotted in Figures 39

to 43 and Figures 44 to 52, respectively. The yield point for all

the curves was determined by the three methods described below.

These methods were used to establish the error due to the inter-

pretation of the results. The lowest possible value for yield was

taken as the point where the resolved Shear stress-strain curve showed
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47. Resolved shear stress-strain curve Test No. 12
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49. Resolved Shear stress-strain Test No. 14
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Table 5. Summary of

Test Specie Orientation Type Area Area Gage O' ‘

No. men Y of A1 A2 Length 11 y

NO' (deg.) (deg. Tes‘ 2 2 2
(mm ) (mm ) (mm) (g/mm )

1 16 45 45 Uniaxial 80.5 39.6 20.32 0.0

4 6 45 45 " 79.4 39.2 20.32 0

5 3 45 45 " - 36.3 20.32 0

9 2 45 45 Biaxial 81.2 39.6 20.29 29.7

10 11 45 45 " 80.0 40.0 20.11 53.6

11 12 45 46 " 79.9 38.4 20.33 36.2

12 14 45 45 " 80.4 39.4 20.31 66.7

13* 17 45 45 ” 81.3 40.0 20.97 98.9

14 18 45 45 " 81.2 39.4 20.32 131.7

15 19 45 45 " 80.4 39.1 20.32 101.5

16* 20 45 45 " 81.3 40.0 20.32 160.5

17 15 45 45 " 81.2 40.0 20.32 138.1

18 8 45 46 Trans- 79.0 39.3 10.57 147.0

verse

* Failure before yield

o\y - Value of stress at yield (0.02% offset)
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Shear Stress Experiment Data

 
 

 

 

OZZ'Y °11‘y “iliy °i21y Oiliy °iliy °i2‘y 21 22

2 OZZ‘y 2 2 OIZ'Y T0 T0 (kg/min.) (kg/min.)

(g/mm ) (8/mm ) (s/mm )

145.5 0.0 70.5 70. 1.00 1.01 1.01 - 50.

- 0 68.0 68. 1.00 0.97 0.97 - 21.

- o 70.0 70. 1.00 1.00 1.00 - 21.

169.0 0.18 99.0 70. 1.41 1.41 1.00 16. 24.

198.2 0.27 125.6 72. 1.75 1.79 1.03 15. 21.

181.2 0.20 108.6 72. 1.50 1.55 1.035 21. 25.

202.7 0.33 134.7 68. 1.98 1.92 0.97 20. 26.

218.8 0.45 158.8 59. 2.64 2.26 0.86 30. 22.

229.7 0.57 180.7 49. 3.69 2.58 0.70 31. 22.

223.5 0.45 162.5 61. 2.66 2.32 0.87 30. 27.

262.5 0.62 211.5 51. 4.14 3.02 0.73 25. 28.

243.0 0.57 190.6 52. 3.67 2.72 0.74 27. 21.

- - 72 72 1 1.03 1.03 31. -
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the first deviation from linearity. The intermediate value of CRSS

was determined by the 0.02 percent offset method and the maximum

value by a 0.1 percent offset. The tabulated results listed in Table

5 for the biaxial tests are all based on the 0.02 percent offset

method. These results Show that the resolved normal stresses varied

from 70 to 212 gram/mm2 by varying a at yield 0 to 0.62.
11/°22

This caused the resolved shear stress to drop from 70 to 49 gram/mmz.

To better illustrate the effect of the resolved normal stress

on the CRSS for {0001} <21I0> type slip of zinc single crystals, the

results of the uniaxial and biaxial tension tests were plotted as

shown in Figure 53. The resolved Shear stress at yield (OIZ'y)

and resolved normal stress at yield (all'y) were both normalized

to To, where is the CRSS for the uniaxial tests. The maximum

70

error bar indicates the maximum possible error in the interpretation

of the data as described above. When Gilly/TO is increased above

a value of approximately 2, the experimental results begin to fall

below the theoretical curve. For oll'y/TO equal to 3, there is a

30 percent drop in ch'y'
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IV CONCLUSION

The mechanical behavior of polycrystalline materials has been

tested extensively in a biaxial State of stress, but there has been'

little attention given to the effects of a complex state of stress

on the mechanical behavior of metal single crystals. The effect of

a complex stress field on a single crystal is important because

aggregate theories use the value of the critical resolved shear

stress determined by uniaxial testing to predict the Stress-strain

curve of aggregates, while the crystals within these aggregates are

actually subjected to a complex stress field. In previous investiga-

tion, the orientation dependence of single crystals has been examined

by subjecting single crystals to a uniaxial state of stress. When

the crystal orientation was varied, the resolved normal stresses at

yield on the active slip system were also varied. This coupling of

the resolved normal Stresses and the crystal orientation effects was

separated by subjecting Single crystals to a uniform biaxial state

of Stress. The main theme of this experimental investigation was to

test the hypothesis that macroscopic yield in single crystals is

determined only by the shear stress on the active slip system and is

independent of the resolved normal stresses.

The following conclusions have been drawn from the present

research program:

89
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To obtain a uniform biaxial stress region in a flat tensile

specimen over approximately 80 percent of the test section, the

width to uniform transverse loading length ratio (H/C) should

fall between 0.25 and 0.50. These limits were established by an

extensive elasticity investigation.

Slitted rubber grips can be used to produce a uniform stress

field at the surface of the sample. This is verified by the

photoelasticity investigation for isotropic materials and by

the uniform slip lines for anisotropic zinc crystals. The grips

were made of a 1/8 inch thick neoprene rubber with slits at 1/8

inch intervals. These slits were cut to within 0.035 inch of

the bonded interface. This was necessary in order to eliminate

the shear stress at the bonded interface which arises as a result

of the Poisson effect.

When tested biaxially, zinc Single crystals Show that the resolved

shear stress for yield decreases with increasing resolved normal

stress. The crystal orientation was held constant with ¢ = Y =

45 degrees and the resolved normal stress was varied from 70 to

212. This variation in the resolved normal stress resulted in

a 30 percent drop in the resolved Shear stress. Therefore, one

could conclude that macrosc0pic yield of zinc single crystals

is not only determined by the shear stress on the active basal

Slip system, but is also dependent on the normal Stresses acting

on that slip System when ¢ = Y = 45 degrees for {0001} <2IIO>

type slip.
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