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SYNOPSIS

The plastic bending behaviour of NaCl, LiF and in particular
MgO is investigated at room temperature, and that of MgO at temperatures
up to 1550°C,

In all three materials the deformation is accomplished by
the motion of dislocations, which, relative to the beam geometry are
clessified in two groups: two dimensional slip and three dimensional
slip. Dislocations in the two dimensional clussification all have
Burgers vectors with a component in the beam cross-section normal to
the neutral surface, while the Burgers vectors of those in the three
dimensional classificetion have no component normal to the neutral
surface |

Beanmsc which deform with slip in the three dimensional mode
work harden much more rapidly than beams which deform in the two
dimensional mode alonc. A model for the geometry of threc dimensional
slip is postulated and the stresses in the cross-sections of beams
arising from slip in this mode are examined photoelastically.

The Tactors effncting the formation and the predominance of
slip in one mode or the other are discussed on the basis of the experi-
mental observations. It is shown qualitatively that the atresses
predicted on thc basis of the model for three dimensional slip correspond
to those observed photoclastically and that the greater rate of work
hardening associated with this slip mode is the rosult of large elastic
streins.

For the matcerials investigated it is concluded that the
oricntation of the slip is the most important single factor influencing

the work hardening rate of single crystal berms.
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INTRODUCTION

As thc usc of ceoramic matorials bocomes morc wide sproad

in mony ficlds of prescent day tochnology, the nccd for a botter undor-

standing of their proportics and the means by which thesc may be controlled

assumes an cver incrceocsing importance. Although it is unlikcely that the

use of large single crystals as mochonical compononts will cver beocome

common practice, an undorstonding of
govern their plastic proportics, and
undoubtedly contributc significently
complex problems asgsociated with the

matorials. It woas with this in mind

the fundamental mechanisms which
in particular thoir strongth, will
to tho understanding of the morc
plasticity of polyecrystallinc

that tho investigations of tho

plestic proportics of MgO roported hore wore ombarked upon.

Some of the factors which influconced the sclection of MgO
as a sultablc material for the proposcd cxperiments were first of all
tho simplicity of its structurc and slip systoms, which arc both tho
samo o8 thosc of rock-salt, and its ductility at room tomperaturc in
spitec of its vory high mclting point. Additionally it was hoped that
gomc analogics might be drawvn botween its proportics and thosc of other
materials of thc samc structurc on which cxtensive work had previously

been done by numerousg authors,

Tho first roport of theo plastic dcformetion of natural
single crystals of Mgl wup mado by Migge(1920). Hu showed thet under tho
combinod influcncce of a hydrostatic confining preossurc and a suporposcd
compressive stress that MgO deformed by (110)[}TQ] glip, Although somc
work on netural crystdls wos roportud in the intorvening timo by
Bridgman (1937), it was not until 1954 that Wachtmen and Maxwcll roportod
thet singlo crystals grown by the Norton Corpany could bo deformed
plastically, llowover, thoy found it nccossary to raisc the tosting
temperature to approximatcly 1100°C in ordcr to obtain plestic flow

in spccimons without the added constraint of o high confining pressurc.

Subscquently, Gorum, Parker and Pask (195G) showced thet

singlec crystals of the Horton meterial could be plastically straincd



as much as 20% ot room tomperaturc, providing tho condition of the
specimcn surface was proporly controlled. Since thon cxrtonsive inves-
tigations of the plasticity of kg0 have boon cerricd out by many authors,
and much of what has been published has had a significant influcncc on

the coursce of the work reported hero.

Throughout tho oxporimental work,bending was the mothod
used to deform the specimens, and thi tosts wore .carried out ot both
room temperaturc and tomporaturcs up to 1550°C., In addition, whore
t

e

4}

comcd advantagoous, room temperaturc bending tests werce performed

iF end NaCl in ordor to clarify somc of the phonomena observad.

[

on

To corry out the cxperimental work 1t wos ncccocssary to
design and build o number of piccos of apparatus and it is with this

aspoct of tho work that the thosis begins.



CHAFTER ONE APPARATUS AND EXFERIMENTAL TECHNIQUES

1.1 Introduction

In order to investigate the plastic behaviour of magnesium
oxide deformed in bending it was necessary to prepare specimen beams from
fairly large blocks of the material. These were obtained from both the
Norton Grinding Wheel Co. in Ingland and from Semi-Elements Inc. in the
United States. All beams were cleaved to size, some were polished and etched
and all were bent in standard vending jigs loaded in either room temperature
compression mechines or a high temperature furnace fitted-with compression
apparatus,

To clarify some of Lhe phenomena observed in the bending of MgO
it proved advantageous to periorm similar bend tests on beams of lithium
fluoride and sodium chloride, These beams were also prepared by cleavage,
the LiF from blocks obtained from the Harshaw Chemical Co., and the NaCl
from large crystals grown by Davidge in the apparatus described by
Newey (1959). The NaCl crystals reported here were doped with Ca to give
a resolved flow stress of 200g/ mm2 Some of these beams were polished

and etched and all were deformed in the same bending apparatus as the beams
of MgO.

1.2 Cleaving Machine

NaCl, LiF and MgO can all be cleaved on the {100} planes by
hand using a chisel and hammer, however, this method usually introduced
significant plastic strain into the beams of NaCl and LiF and proved to
be most uncertain and generally unsatisfactory when uscd with MgO. Since
many authors; e.g. Stokes, Johnson and Li (1959 and 1961); Gorum, Parker
and Fask, (1958); Stearns, Pack and Lad, (1960); and Gilman (1959a),
have reported the critical dependence of the plastic behaviour of such
materials on the distribution and orientation of slip sources at the onset

of plastic flow, it was deemed necessary to at least standardise the
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cleaving process and in so doing to reduce to as low a level as possible
the plastic deformation accompanying the cleavage. As a result of these
considerations the pendulum type cleaving machine shown in Fig I. was
designec and built. It is made of mild stecl throughout except for the
actual cleaving blade which is a tough tool stecl hardened to about
62 fockwell € and tempered.

Az the angle at which the blade strikes the face or odge of
the crystals is impcrtant the blade head was designed so that it could be
set at 2° intervals over a total range of 300 by inserting a pin in the
appropriately aligned holes, The stop against whic:. the crystal is
placed could be positioned at i inch intervals over a total travel of 2
inches, The scriw bumper to arrest the pendulum erm was continuously
adjustable and could be locked at any position with a nut,and the blade
could be removed rcadily for sharpening or replacement by the removal of
two screws. In practice it proved advantageous to place a cylindrical
half-round bctween the crystal block and the back-stop with its radial
plane in the planc of the knife edge when large blocks were beinz clexzved.
This permitted the halves of the block to rotate frecly away from the
blade during cleavage and resulted in casier and cleaner cleavages.

It was found that a blade ground symetrically to an included
angle of 300 as sugzested by Gilman (1959b) was most satisfactory for
the cleaving of NaCl and LiF and for the final cleaving of the lig0 beams,
but a blade ground to 40° proved more satisfactory when first clecaving
large blocks of MgO into smaller blocks and plates., With practice, very
good cleavages could be made and the plastic deformation accompanying
the cleavage could be limited to the immediate region of the blade impact.
With the exception of the blades, all parts of the machine were chromium
plated to prevent corrosion,

1.5 koom Temperature Dendine Jigs

[wh]

(a) Four-Point Bending Jig

The four-point bending jig used at room temperature, pictured

in ¥ig Zv vas machined out of stainless steel with the knife-cdges ground






to 900. The sharp corners of the knife-edges were broken slightly with
very fine emery paper and were polished with i alumina polishing compounda
The inner knife-cdges were guided onto the specimen with posts set into the
block of the outer knife~cdpes. A good sliding fit was attained by grinding
the posts in with the}bu alumina and then lubricating with graphite applied
with a soft pencil, This provided a sliding fit with extremely little play
and virtually no friction.

The knife~cdges could be driven together by any wachine with
two rcasonably parallel plates capable of applying a compressive load., In
actual testing the block of the outer knife-edies was placed flat on one
compression plate, The other plate applied the load to a small flat,
ground on a % inch steel ball, which in turn fittecd into a graphite

lubricated recess ground into the top centre of the inner knife-edge bloclk,

(b) Thrce-Foint Bending Jig

The threc-point bending jig picturcd in Fig 2. differed from
the four-point jig only in that it had a single central knife-cdge which
was ground to an included angle of 600. Its preparation and use were

identical to that described above for the four-point jig.

1.4 Room Temperature Testing Mechincs

All the bend tests carried out at room temperature were
performed in either a commercially available tuble model Instron,or in a
hollow lcad screw machine obtained from U.K.A.Z.A, Yarwell., The Instron
is mechanically and clectrically ccnparable to the larger machine described
by Hindman and Burr (1S49) and was fitted with the compression jig
originally designed by FPratt (1951) and modified by Mewey (195S). The
hollow lcad-screw machine was originally conceived by Adams and shall
hereafter be called the Adams machine. Substantial modifications to this
machine proved nccessary before it could be used and suitable results
obtained.

The mocdifications to the Adams machine consisted of removing






the lomd cell, the tensile testing jig, and the driving plate, and
replacing all of these with completely rcdesigned apparatus. It was
congidered advantageous to reconstruct the machine as an open-ended
compression machine so that cooling or heating a:paratus could be readily
fitted and removed. A general view of the entire modified machine with a
detailed vicw of the loading cage is provided in Fig 3,

A Langhom Thowmpson type Ul.F.2. dynamometer of 1CO pound total
capacity was used in place of the one ton proving ring originally in the
nmachine, the dynamometer being hung on a universal coupling inside the
closed end cylinder at the top of the machine, The dynamometer supported
a rod which was coupled to the top cage plate by another universal. The
top cage plate was positioned by three adjustable ball bearings running
on each of the three loading rods passing through it. In turn the top cage
plate supported the three cage rods which passced through holcs in the main
loading plate, Xach of thesc rods wos positioned relative to the loading
rlate by three more adjustable ball bearings, and finally supported the
bottom cage plate which rcsted on shoulders turned on the cnd of each of
the rods.

The main loading plate could be driven down at any rate from
about 0.001 to 0.100 in/min, The speed of the driving motor could be
varied continuously over a uscful range of a factor of ten. The additional
factor of ten varintion was accomplished with a change in the driving gear
ratio.

The input voltage to the dynémometer was adjustcd so that when
it was switched to four preset values, an output of 5mv at loads of 5, 10,
25, and 50Kg was obtained. This output was applicd to a Honeywell
recorder with a full scale deflection at Smv, through a Cambridge potentiometer,
At zero applied load the recorder scale could be accurately adjusted to
zero with the potentiometer, and by using it to back off known increments
of the dynamomcter output the potentiomcter could be used to broaden the
rccorder scale without changing its calibration.

Towards the end of the expcrimental work reported, a polari scope

designed by Davidge was fitted to the Instron permitting birefringence






observations to be made during thc tests. It can be scen in Fig. 4, which
in addition shows the bending jig mounted in the compression cage. It
proved possible to usc this polariscope on the Adams machine as well with

very little modification,

1.5 High Temperature Testing Machinc

(a) High Temperature Furnace

To provide a facility for the testing of MgO at high temperatures
a large molybdenum wound furnace was built. It is illustrated in Fig 5.
along with an overall view of the complete apparatus. Its principal
feature of interest was that the recrystallized alumina tube on which
the molybdenun tape was wound was separated from the calecined alumina
insulation by a second larger diamcter alumina tube. This larger tube
comnpletely sealed off the main insulation tank rendering it necessary to
control the atmosphere only between the two tubes to prevent oxidation of
the winding. The winding tube was supported and sealed at both ends of the
furnace by two flanges belted to the end bells., The material used in the
seals was asbestos cord impregnated with graphite and silicon grease.

Though it wes not necessary to control the atmosphere within the
main insulation tank at low temperatures, it was purged with 25% H2 + 75%
N2 gas so that at higher temperatures, when the outer tube might well
become permeable to the gasses in the tank, oxidation of the winding
would not occur,

The primary reacson for using this concentric tube construction
was to simplify the removal of the heating tube for rewinding by cobviating
the moving of the entire tank and the removal of all the insulation.

This advantage was considercd importont in the light of all the
auxiliary cquipment aligncd with and fastened to the furnace and proved
a worthwhilc feature when the winding had to be replaced after open
circuiting during a power failure.

Cooling coils were wound on the ends of the winding tube and

were soldered to the end bells and sealing flanges to prevent the gas






seals from becoming too hot and breaking down, The ends of the winding
tube were closed with hollow brass caps to which werce affixed stainless
steel radintion shiclds and through which water was circuleted., These were
of prime importance in preventing the auxiliary equipment at both the top
and bottom of the furnace from overheating.

The power was supplicd by two 20 amp Variacs in perallel, ond the
temperature contrelled by an Ether proportional temperaturc controller
calibrated for operation with a 20% Rh 80% Lt -- 5% Rh 25% Ft thermocouple
and used to switch a small load in and out of the primery sidc of the Variacs,
Ioth the current and voltage werc metered on the secondary side of the
Variacs and at equilibrium only 2,5Kw was necded to mzintain the
temperature ot 155000.

(b) Mechanical Apparatus

To raise the specimens and test cell into the furnzce a double
lead screw racking mechanism was hung from friction bearings in a plate
supported by four studs in the bottom ¢nd bell. The lead screws were
rotated by a reversible motor driving them through a gear box which can be
sezn at their bottom end in Fig 6., The cage, which supported the
dynamcmeter and hence the compression cell, rested on nuts threaded onto
the lead screws, The nuts fitted into hexagonzal holes cut in a brass plate
bolted to the under side of the upper cage plate. If these nuts were
engaged in the holes, the cage was raised or lowered by them depending on
the direction of rotation of the lcad screws.

The lead scrows passed through closc tolerance holes in the bottonm
cage plate, thereby keeping the cage in line with the centreline of the .
furnace with which the leamd=-screws were aligned, The dynamorieter was bolted
to the bottom cage plate and o stecl stud with a wide shoulder turned on
it screwed into its top. A silicon nitride tube support fitted over this
stud, resting on its collar, and suprorted the rcerystallized alumina
tube on which the silicon nitridc compression ccll rested.

A thermocouple, for measuring temperaturcs at the beam inside

the compression ccll, passed through the stecl collar, the silicon nitride






tube suppert, up a small bore alumina tube within the larger supporting
tube and through the bottom of thc compression cell. The small bore tube
in addition served as a support for stainless stecl radiation shields
attached near its lower end,

The brass cooling ring with its radiation shields attached was
clamped to the top of the upper cage plate so that when the cage was raised,
and the compression cell fully racked into the furnace, the cocling ring
fitted into and essentially scalced off the end of the winding tube, It
is illustrated in this position in Fig 6. The recrystallized alumina tube
supporting thce compression cell passed freely through the centre of thé
cocoling ring. When a reaction tube was used inside the winding tube, as
in all the tests reported hcre, it rested on the cooling ring during the
test, but was not raiscd into and lowered out of the furnace with cvery
specimen, Between actual tests it rested on 2 sliding aluminium plate used
to close off the end of the tubce when the cell was withdrawn,

The compression cell, shown in Fig 7., consisted of a piston
and cylinder of silicon nitride machined to close tolerances by B.S.A\

Its outside diameter was just small enough to allow free sliding inside

the alumina rcaction tube at room temperature. The reaction tube kept the
parts of the cylinder axially aligned, thereby reducing friction between

the two parts to as low a level as possible and ensuring that the load was
axially applied. The actual bending of the beams was accomplished in a small
four-point bending jig made of concentric alumina cylinders with bevelled
slots cut in their walls, Thesc cylinders were ground to diameters giving

as good a fit as possible yet allowing freec slip.

To perferm a test, the alumina cylinders were assembled with the
beam in position, and placed on top of the silicon nitride piston. The
cylinder was placed ovor this entirce asscmbly and the complete unit
jacked into the furnace, The limits of travel of the racking mechanism
were controlled with adjustable microswitches in the motor circuit,

At the top of thce furnzce a stecl plate standing on four studs
in the end bell supported the complex cantilever beam cn a ball bearing
mounted shaft as illustrated in Fig 8. The beam which acted as the

loading lever was driven down at its long end and applied the load to the






loading tube with a mechanical advantage of four to one. The load was
actually applicd by a 3% inch steecl shaft ground flat on one sidc to a
diametral plane and surported by ball bearings mounted in the sides of the
beam. Thils flat rested on o silicon nitride plug which fitted into the
cnd of the alumina loading tube which in turn passed through a hole in the
brass cooling collar. The bottom end of the loading tube engaged in the
recess turned in the top of the compression cecll cylinder. Hence when the
end of the loading bean was drawn down the knife-cdges were driven
together at % the driving rate applicd to the beam end., Both the beam and
the loading tube were counterbalanced.

A gear box with reduction ratios of 1:1, 1:2, and 1:5 was built
to drive the final reduction gear which rotated a threaded collar, fixed in
a thruet bearing, about the lead screw thereby driving the lead screw up
or down, The lead screw was coupled to the end of the beam with a rod,
This gearbox was driven by a reversible synchronous motor cperating
through two more fixed ratio gear boxes which gave a net reduction of
1:1500. It was possible with this arrangoment to obtain strain rates roughly
the sawme as those used in the room temperature testing machines.

The mazchine could be converted to a soft machince simply by
substituting a spring of an appropriate force constant for the rod
connecting the lead screw to the ond of the beam, In this modification
strain could be measured with a scnsing rod passing through the central
heole of the compression cell a2nd driving the core of a differential
transformer substituted for the dynamometer, However, this modification
was not used for any of the tests reported here.

The power supply for the dynamometer and the recording of its
output were exactly the same as described for the Adams machine, but in
addition the temperaturc within the compression cell was continuously
recorded throughout each test on & Honeywell recorder. This provided a
record of the heating and cooling rates during the introduction and
removal of cach specimen as well as a rccord of the temperature during

the actual bending.



1.6 Microscopes

Both a table model Reichert and a Reichert Zetopan microscope
were used for after~test examination of the deformed beams., Both could be
used with either transmitted or reflected illumination, but most of the
birefringence observations werc made on the Zetopan as it was fitted with
a tint plate,and it proved much casier to add ¥ wave plates to its optical

systen than to that of the table wodel Reichert.

1.7 Polishing and Ltching Techriques

(a) MgO

To remove any demage to the surface of the cleaved lig0 the beanms
werce polished in an 80% aqueous solution of orthophosphoric acid at 1500C.
Two to three minutes wire normally sufficient to remove enough surface
to eliminate fresh dislocations and any microcracks at the beam edges
introduced during cleavage.,

The etchant used to reveal dislocations was a solution of five
parts saturated ammonium chloride, aqueous solution, five parts concentrated
sulphuric acid and two parts distilled water with an extremely small
addition of ferric chloride, sufficient to give the etch a faint yellow
tinge., During ectehing the solution was gently stirred on a rotating
sloping platform. An etch of four minutes proved sufficient to produce
well defined pits at fresh dislocations and shallow difiuse pits at grown-

in dislocations,
(b) LiF

A solution of one part HC1 to three parts glacial acctic acid
was uscd to polish beams of LiF, and etching was carried out in hydrogen
peroxide in which a small quantity of ferric chloricde had been dissolved.
The addition of FeCl3 increased the etching rate substantially,but appeared
to have little other effect.
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ng.9 Schematic diagram of a beam undergoing
Four-hoint bending.
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{c) NaCl

The NaCl beams were polished in a solution of one part methanol in
three parts ethanol, and were etched in a sclution of one part methanol in

three parts glacial acetic acid.

1.3 Calculation of Strain

The record produced of a bend test by all three of the lcading
machines described above was a graph of the load applied vs. the displacement
of the inner knife-edges. A calculation of the stress in the beam made on the
basis of simple bcam equations, is not valid once the beam has started to deform
plastically. Read (1957) has shown that the stress at any point in the beam
beccmes a more complicated function of both the load, and the stress necessary
to nucleate and to move dislocations. Consequently, thc stress was not used
in the plots of the characteristic bending curves; the load was simply reduced
to the ratio, the load upon the load applied at the macrcscopic flow stress.
However, rcasonably accurate calculations of the outer fibre strain can be
made up to strains of approximately 5% by apslying the simple beam equations
of Timoshenko (1934), Strictly, these equations apply only to elastically
deformed beams, but the error invclved in their application to beams deformed
plastically in four-point bending up to about 5%, proved to be insignificant.

To make a calculation of beam strains for four-pcint bending,
consider the beam located ir the four-point bending jig with its long axis
perpendicular tc the knife-cdges; sce Fig 9. The two systems of rectangular
co~-ordinate axes were located so that the origin O was in the ncutral axis
of the beam midway between the inner knife-cdges, while the C - x axis was
superimposcd on the long axis of the beam and remained tangential tc the
neutral axis at the origin O, vhen the bean became bent. The O' - x' axis
was made tangential to the neutrel axis at the vertical plane of the inner
knife-cdge and perpcndicular to the knife-edges,while the origin O' was
located in the vertical plane of the outer knife-edge.

Let the displaccment of the neutral axis relative to the 0' - x!

axis be dé at x' = ¢ for values 0 < x' £ (B-A) and let the total displacement
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of the neutral axis from the O - 2z axis be dc at z = ¢ for values - B4 z%4B
vhere 2B is span of outer knife-cdges

and 2A is span of inner-knifc edges.

Then the displacement of the inner knife-edges relative to the outer

knife-edges is given by :

B A (1)

Now the central portion of the becam - A4 zZA experiences pure

bending with a moment, M, given by

Moo= F/2 (B-A) (2)

r, . . . . .
where /2 is the force excrted on cach knife-cdge, This moment induces
a curvature in this region of radius

I
Ro= By (3)

where Il is Young's modulus in [ﬁIXﬂ and T is the moment of inertia of

the beam cross~scction about the nesutral axis.

At z = A, the slope of the neutral axis is A/R- Hence the
slope of the O' - x' axis relative to the 0 - z axis is —A/R and the
displacement of the origin O' from the O - & axis is (B—A)A/R + dA
Therefore

A
- - v
& = (B-R)/p +d, +adl (&)

It follows from the cxpression for the displacement of a simple cantilever
(Timoshenko 1934) that :

_F(x")” F(B-8)°x' . F(B-8)° | F(2a)(BeA=x!)
4" = oEr T ThET oo torra o O

where 2a is the depth of the beam and G is the shear modulus in [1OQT
and is approximztely #E in [10Q],

Therefore at x' = C

o JEER? F@s) | 1E-)° | b
o! = 12ET I6GI T R > 3

by substitution of equations (2) and (3).

) (6)
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Substituting (6) in (4) and the resulting expression in (1) gives :

(B-A)2 . 4&2)

3 >

1
D=5 (A(B=4)

which gives the expression for the radius of curvature of the central
portion of the beam

(B-4) X ba”

3 3 ) (7)

1
R = B(A(B-A)

Consequently, knowing the jig dimensions, thc boam depth and the
displacement of the inner knifc-cdges rclative to the outer knife-edges,

one can compute the outer fibre strain, ¢, from the exprcssion :
€="/
- 'R

By substituting cquations (2) and (7) in equation (3) it was
possible to caleulate valucs of Young's modulus in  {100]:. The values for
L obtained experimentally were in good apgrocment with other reported values,
Making this calculation provided a convenicent check to determine whether
the beam had initially been in contact with all four knife-cdges. If the
beam were initially in contact with only one of the inner knife-edges
owing to surface irrecgularities of the crystal, thc calculated value was
very much smaller than the cxpected value., Acceptable values of E were
often obtainced in such cascs when calculated on the basis of three-point
bending for the jig., With the fitting of the polariscope to the teeting

machines this check was rendered unnecessary.
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CHAPTER TWO DISLOCATION MOBILITIES AND EENDING MODES

I71.I Introduction

The slip systems that operatc in MgO are the same as those
that normally operate in both LiF and NaCl at room temperature, that is,
slip occurs on all six plancs of the class (11Q}‘in the directions 110
or £110>, a total of twelve possible slip directions, These materials all
cleave on their (lOO} rlanes giving simple orthorhombic specimcns, Therefore
when slip occurs in a cleaved.specimen the traces of a slip plane are
normal to the crystal edges on the two opposite faces and at 450 to the
crystal cdges on the cther two faces. There will be slip steps along the
traces normal to the crystal edges, whereas no change in the crystal surface
should occur along the traces inclined at 450 to the edges.

Etching reveals the ends cof serew dislocations along the normal
slip plane traces and the cnds of edge dislocations along the 450 traces.
Hence by observing the orientation of the etched slip traces it is very
easy to distinguish between edge and screw dislocations, It often proved
possible te distinguish between individual edge and screw dislocations as
the etch pits at screw dislocations were usually asymmétidchdl. This asymmeétry
is a result of the obliqueness at which the screw dislocations meet the
surface, The cdge dislocations, generally being normal to the surface,
produce perfectly symmetrical pits, This difference in symmetry can be
seen in Fig 10. There was very little evidence in MgO of the screw dis-
locations cross gliding cut of slip bands to positions normel to the
surface, thereby producing the dispersed glide bands observed by Gilman
and Johnston (1957) in LiF,

When a beam is deformed in pure bending, before any dislocation
motion occurs  the moximum longitudinal stress is reached in the outer
fibres at the tension and compression faces, this stress generally being a
simple uniaxial stress., Doth the edge and screw dislocations at the
tension and compression faces have Burgers vectors with a component b/¥2

in the stress direction, and hence, both should be subject tc the same stress
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and move when a sufficient stress magnitude is reached. The velocity with
which these two types of dislocations move will influence directly the amount
of plastic strain accomodated by cach, assuming there are many random sources.
of both oricvntations present.

In order tec assess the probable slip pattern in beams undergoing
purc bending deformation, experiments of the etch-load-etch variety,
employed by Jcohnston and Gilman (1959) on LiF, and by Stein and Low (1960)
on silicon iron, were cairicd out to determine the relative velocities of

edge ond screvw dislocaticns in ligC.

I1.2 Dislocetion Velocitiecs in MgO.

Beams of MgO were cleaved to dimensions typically lmm. deep by
l.5mm. wide by 20mm. long, and polished to remove any cleavage steps and
surfacc damage. If an attempt was to be made to measure the velocity of
scrow dislocations, a number of very small indentations were made on onc
face of the beam. These were made with the micro-hardness tester on the
Reichert microscope, or by sprinkling %5 nesh carborundum onto the surface
from a height of about three inches as described by Stokes, Johnston and Li
(1959(pJ). The beans wore polished again until stching revealed fresh
dislocation locps only in the screw orientation in characteristic squarec
patterns illustrated in Fig 11. At this stage polishing was continued
carefully until the sidcs of many of these squares were reduced to single
screw dislocation locps. The beam was then loaded into the small four-
point bending jig sc that the lodps would lie in the tension surface, since
they werc predominantly in the proper orientation to expand under the
application of a tensilc stress. A weight, sufficient to give the desired
resolved stress, was then lowered onto the jig for the required time, The
beam was removed from the jig, rc-ctched, and the distance each branch ofeach
single loop had moved was measured. From these measurcments the mean
velocity was computed and 95% confidence limits applicd to the results as
in the accompanying calculation,

Since the cdge components of the dislccations move mere readily

than do the screw components, the lowps which met the surface as screw






15

dislocations, and were inclincd to the surface at QS? expanded more deeply
intc the crystal than did the loops whose screw components moved towards
the neutral axis. This rendered it almest impessible to remove all the
surface loops in the screw orientation and still lcave single 1oops in the
edge orientaticn for velocity measurements. Consequently, for the measurement
of cdge dislocation velocity, the beams were sprinkled and then polished
until etching revealed roseltes with all but one or two edge loops removed,
These specimens were loaded, as described above, and the same calculations
applicd to the results, care being taken only to measure the distance moved
by the edge dislocotions whose motion was not interfercd with by other
expanding dislocation locps.

The results cbtzmined for velocities up to mbout lOQ/A/SGC'are
plotted in Fig 12. It is evident that the edge dislocations move sig-
nificantly faster than do the screws ot the same apylied stress as
suggested by the work of Stokes, Johnston and Li (1959b) on the effect of
surfacc conditions in thrce-point bending tcsts.

At velocities in excess of about 5/x/sec extensive cross slip and
multiplication occurred. In addition new dislocations appearcd within the
original loop, these results corresponding very closely tc the obscrvations
reported by Gilman and Johnsten (1957) for LiF. Such an expanded loop in
the screw orientation is shown in Fig 13. The multiplication probably had
some eifect on the stress driving the outermost loop, but since this type
of multiplication occurs under normal testing conditions, results obtained
for velocitics in cexcess of 5/M/sec were plotted, the velocity of only the
leading dislocation being calculated.

Some tests were periormed at high stresses by impacting the jig,
but the results obtaincd had a great deal of scatter. These results,
though not giving o gocd volocity measure, gave for any single test an
indication of the ratio of the voelocities ol c¢dge and screw dislccations.

The remults all indicoted that at room tomperature, cver the
range of velocities studicd, cdge dislocaticns move at a veloeity fully an
order of magnitude greater than that of the screws, This difference is
evident in Fig 14 which shows a beanm with many rondom sources after it

had been loaded for a short period of time,



]
]\‘x

Fig. 15() Schematic diagram of 2D bending slip.,

P(

T .
_ _ | _ _ y
,/

N

JALL

Fig. I15(b) Schematic diagram of 3D bending slip.
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In LiF, Johnston and Gilman (195%) report that edges move at
aprroxinately 50X the velocity of screws in the velocity range reported
sbove for MgC. Experiments by Davidge (1961) indicate that the edges are
more mobile than the screws in the calcium doped NaCl, although no absolute
measure of the velocity was obtained,

Consequently, cne would expsct that, were there many randomly
orientated sources in the tension and compression faces of a beam of any
of these materials, a significant proportion of the slip should take place
in bands crossing the tension and compression faces at 450. This indeed
occurred, as i& shown in Fig 14, and the slip in this orientation was found
to have a profound effect on the mechanical yroperties of the beams in
which it occurred. In the light of these observations it proved important
to dificrentiate between the two nodes of slip, and to define each more

carcfully relative to the beanm geometry,

I11.3 Two Dimensional Slip

Assuming the bcam orientated in a system of axes as illustrated
in Fig 15(a), the slip that is normally assumed to produce the deformation
in the beam is in the plencs (101) and (101). The Burgers vectors of
the dislocations lie in the directions [iOlj and [ikﬁ:l cn the tension gide,
and [lOE:]and ElOl:lon the compression side of the buam. Ignoring small
variations in the strain across the beam width, the slip in this cricentation
can be entirely defined in ‘any plane in the beam parallel with the plane
y=0, since the bands of slip are all normal to such a plane, and the Burgers
vectors of the dislocations all lie in the nlane. Conscquently all slip
so orientated shall be defincd as two dimensional slip after Nye (1953),

and shall hercafter be referred to as 2D slip,

I1T.4 Three Dimensional Slip

Assuning again that the beaw is orientated in the co-ordinate
axes as illustrated in Fig 15(b), the slip produced by edge dislocations

moving at the tension and compression faces, lies in the planes (011)
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and (011). The Burgers vectors lie in the directions [[011] and [011]

at the tension surfoce, and [Oli] and EOEE] at the compression surface.

The dislocation density in cach slip band decreases as the neutral axis

is approached from either the tension or compression side. In addition the
slip bands arc not normal to the sides of tho beam, and are both parallel
with and normal to cach other, Consequently, this slip cannot be defined

in a single plane, but must be defined rclative to all three dimensicns

of the beam. Hcnce slip so oricentated shall be defined as three dimensional
slip, again after Nye (1953), and shall be referred to subsequently as 3D

slip.

I1.5 Lattice Geometry Associated with 2D 3lirg.

When slip occurs in the 2D orientation under the influence of
a pure bending stress it is Llikely that the vast majority of the dislocations
in the glide bands are of such a sign that under the influcnce of the stress
they movc into the beam towards the neutrel axis. When this is the case
the dislocations not only permit the beam to bend about the major axis of
curvature by producing the nccessary extension and contraction in the beam,
but in addition creatc 2 curvature in the lattice., If it is assumed that
in any specific part of the beam all the slip has occurred in a single
direction, therc being ne slip on the orthogonal planes, the conditions
described by Nye (1953) for the casc of single glide in the uniform plane
bending of a beam are met., Nyec showed for this case that the glidc planes
become involutes of a circle and that the glide plane normals remain straight
lines., This type of deformation is illustrated in Fig 16 for the particular
casc in which the slip takes place on (101) in an orthorhombic specimen
bounded by"(loo}; ABETFCD is a slip surfacc shown both before and
after deformation,

In the case of = beam with a rectangular cross-scction of depth
2a and width 2b and vhose slip systen is that described above, the radius
of the generating circle of the involutes is 2 /2a. This radius is the

theoretical minimum radius to which the compression surface can be bent,
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and corresponds to a strain sufficient to turn the glide surfaces tc a
position normal to the beam face at the compression surfacc. Assuning
that the volume change due to c¢lastic deformation is negligible, then when
the compression surface is bent to this radius, s the neutral axis will
be bent to a radius Ro‘ and the tension surface to a radius ry where

1 (% 1 Ty :
271.5-{'0 J bbTrrdr = 41ab = 5 TT-RO LbTr rde.
r

& o}

Thercfore 1b 2 2 1b 2 . 2
s (Ro - T, ) = 4lab = = (rt -5 )

Since r_ = 222, R = ba onc r, = 2Vba.

Consequently, the maximum strain that can be accomodated in a
beam undergoing purc bending without moving the neutral axis corresponds
to o radius of curvature of twice the beam depth, or on the basis of the
most rudimentary calculation, an outer fibre strain of 25%. At this strain
the depth of the beam on the tension side of the neutral axis will have
becn reduced from a to 2 va - be., or appreximately by 0.05a, while on the
compression side the besm depth will have increased from a to hda - 2vV/2a,
an increasc of 0.17a. The resultant total depth of the beam will be 2.12a.
The angle between the slip plene and the surface r = constant
at any point in the beam will be given by X = cos-l |r2 - 8a2)‘%. At the
tenscion surface X will be approximately 550, et the neutFal exis 450,
and at the compression surface 900, for the strain considered, Therefore,
the resolved shear stress in the slip planes at the compression surface
will decrease to zZero as this strain is approached regardless of the applicd
load, and this strain nust be the limit tc which beams can be deformed in
bending if the ncutral axis is not allowed to nmove,
However, o practical limit is reached at strains significantly
below this strain. The stress on the tension side nust be greater than
the stress on the compression side if cqual portions of the bending load
ar¢ to be borne on each side of the neutral axis, a condition of equilibrium

in the bending of beams. Furthermorc, the relativc magnitude of the stress
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resolvable in the direction of slip is always greater at the tension surface
than at the compression surface., Consequently, in beams deformed plastically

in this mode the stress driving the dislocatioms is always greater on the tension
side of the neutral axis than on the compression side, This leads to the inward
displacement of the neutral axis at strains significantly below the limiting
case considered here. These arguments, added to those of Read (1957)
demonstrate further the complexity of the stresses that must be present in

beams plastically bent to large strains even when the conditicns of slip are

the simplest possible,

I1,6 Lattice Geometry Associated with 3D Slip.

To determine the distertion of a beam loaded in pure bending and
deformed exclusively with slip in the 3D orientation all in a single direction,
consider first an (OI1) plane in an undeformed beair such as the plane AEFD in
Fig 17« Assuming that the elongation of the tension side of the beam and the
contraction of the compression side are produced by the rotation of the
lattice, then every line in the plane parallel with the AD or EF edges of the
plane will undergo a rotation, but will remain a straight line of the same
length. If © is defined as the angle between any such line and the plane
z=0Q, after deformation € will have increased to values grecater than 450 on
the tension side of the beam whereas on the compression side of the beam €
will have decrcased to values less than 450. The extrceme maximum and minimum
values will occur at the tcnsion face and the compression face respectively,
while at the neutral axis © will remain 45°,

Consider the line passing through any point (X,Y,Z) in the undeformed
beam in the direction [Oli]. After deformation, the¢ normal to this line passing
through the centre of curvature of the beam will be inclined to the z~axis at
an angle o¢ and the line itself will be inclined to the y~direction at the
angle 8. Let P be the distance from the centre point of the line to the point
(X,Y,2) and let r be the distance from the line to the centre of curvature
of the bean. Then if the co-ordinates of the point after deformation arc

(%,¥,%8) we can write,

X = r sine - (J.sin O COBEK mmmmmmmmme e (1)
y = p cos B e e (2)
Z =T cose + Ps5IN 6 SiNed  mmmmmmsmee s (3)
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Therefore
xd = r2 Sindo( + FE s:].n2 e coszas - 2rp sin ot sin O cose<
2 2 2
yoo= p cos @
22 = r2 cos%x-+ pasinae sin%x + 2rf9sino<sin9 CoSeX
and xd + 2 e . ra(sineo{+ coseo() + Fesinae (sineex + COSzo< )

= r2 + 2 sin2 e

and substituting cquation (2)

x2 + z2 = r2 + y2 tan2 e
giving
X2 ya £
2 "2, 2+t —= =1 )
r r /tan © r

This is thc cqucotion of a hypcrboloid of onc sheect.

If R is redefined more exactly os the radius o) curvaturc after
deformation of any line originzlly lying parellel to the z-axis in the
plane X = O of the undeformed beom, and Ro the rodius of curvoture of the
particular line originally lying cbng the z - axis, then r is equal to

£+ RO. Hence'any planc originally x = X becomes the hyperboloid of one

sheet,
2 2 2
X ¥ z
—_— - + = = 1 —_ (5)
(RO + X)° (R + X)E/tana ) (RO + X)© ,

and intersects the plone of cross scction of the beam in the hyperbola

2 2
X y

(RO + X)2 (Ro + X)a/tanae T (6)

It follows that the tension ond the compression faces of the bean,

originally X = Ia respectively, intersect the plene z = O along the

hyperbolas, >

X y
+ .2

o~ 2) 0

(R
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Making use of the cbove definition of R we c¢nn exprcess the
longitudinal strzin in the beom at any point os (r—RO)/Ro which is

X/RO. Hence we can write,

sin © = (1 + X/Ro)/’VGT

sin® 6 = (1 + /& )%/ (7)
cos” 6 = (1 - 2%/k_ - X°/R )/ 2 (8)
tan® 6 = (1 4 X/Ro)2 /(- 2X/R - X2/Roa) )

If 0, tan2 6>1; 1if X40, tan2 6<1; and ot X = 0, tan2 e = 1.
Hence, the cquation of the surfoce criginolly the plane X = O and
defined as the noutral surfoee in the deformed beam is
x2 y2 Z2
2 "2t T2 b

RO RO RO

o rectangulor hyperboloid of onc sheet, which intersecéts the plane

z = 0 along the rectangular hyperboln,

2 2
x_a‘L?=1
R R "™

o] o]

Returning to cquation (2) cnd substituting valucs for cos ©

from equation (8) we can write

2 2 - ey 2
¥y = P 1 - &L/RO A /1\0 ) /2
and since
P2 - 2Y2
-
y2/Y2 =1 - 2%X/R_ - X°/R 2
o 0
o] o]
X + RO)L Vil
2 = o= 1
2R 2Y
o
But X + Ro in the plene of cross-section,z = Qy can be very closely
R
0

approximoted by x + R
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Therefore we can write that any planes y = T Y in the undeformed bean,

after deformation become ports of the surface of the oblate spheroid

o)
G+ R)° . i - S
- =
2R2 2Y2 2R" (10)

and the sides of the beam intersect the cross scction z = O clong the

¢llipse
2 2
_(3<.:_23L. L - 2 (11)
2R 2b~

It is intcresting to note that the family of hyperbolas of
equation (6) with the paramcter X and the fomily of ellipses of cquation
(10) with the parameter Y defined in the plane of.cross-scction cf the

beam are not confocal and conscquently not orthogonal.
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CHAPTER THRIE CHARACTERISTICS OrF BuAMS DEFORMED IN PURLE BiNDING

III.1l Introduction

Either three-~point loading or four-point loading can be
employed to deform beams in bending tests. The stress at any point in
a beam loaded at three points is the sum of a constant simple shear
stress, and a bending stress which decreases linearly from the
inner loading point out to the outer loading points. Consequently,
there is no region of constant stress, and the maximum stress and
strain are reached in the immediate region of the inner loading
edge. The contact of the loading edge with the beam undoubtedly
influences the nucleation and propagation of slip, and as a resull
influences the apparent plastic behaviour of the material.

In a four~point loading test these complications are
minimiscd. Between the inner loading points the stress does not vary
with displacment along the beam and is the result of a constant
simple bending moment only. Between the inner and outer loading
points the same conditions exist as in three point loading, but these
portions of the beam may be ignored if necessary.

Since dislocation velocity is extremely sensitive to
small differences in stress, as indicated in II.2,it seems of prime
importance that the stress driving the dislocation in a particular
test be as necarly constant as possible. In three point loading,
apart from the inherent longitudinal variation in the bending moment,
the additional shear stress can be resolved in the direction of 2D
slip and not in the direction of 3D slip. The component resolvable
in the direction of 2D slip aids the slip in one direction on each
side of the neutral axis and inhibits the slip in the orthogonal
direction on each side. Consequently, the use of three point bending
biases the occurrence of slip in favour of 2D slip on both the
tension and compression sides of the beam.

With these considerations in mind, it was decided to
consider only the results of tests performed under four-point loading

conditions, and further, to limit thez investigation of bending
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phenomena to the region betwecn the inner knife-edges. On some
occasions it proved necessary to consider the behaviour of the beam
between the inner and outer knife-edges, in order to explain the

observed phenomena, but these occasions were generally rare.

JII.2 As-Cleaved Beans

When as-clecaved beams of MgO were bent in the four-
point bending jig at room temperature, they almost always fractured
at very low strains, only rarely excecding 0.1%. The fracture usually
originated at a microcrack at an edge of the tension surface, and
propagated through the cross-section as a cleavage crack on the (001)
plane. This type of fracture, originating at a point source at an
edge, was reported by Parker (1959) and Clarke and Sambell (1960) in
tension specimens, and by Johnston, Stokes and Li (1959), and Clarke,
Sambell and Tattersal (1962), in bending specimens. A picture of
fracture originating in this way is reproduced in Fig.18. Clarke
(1962) has recently established that the microcrack at which the
fracture originates necd not be a result of the cleaving, but may be
formed at a point where a 3D slip band reaches the edge of the
tension face.

Typical plots of load/load at flow, vs. strain, are
given in Fig.1l9. Most of the beams fractured at a load roughly 1.5x
load at flow showing a very stcep rate of work hardening up to this
point. Usually a great deal of the slip in the beam was in the 3D
orientation and in those beams in which this was the predominant mode
of slip, what slip there was in the 2D oricentation appeared to
originate near the centre of the tension and compression faces and not
to propagate completely out to the cdges. A beam of this description
is shown in Fig.20 after it had been ctched. The birefringence
pattern shows, that although the 2D slip did not propagate out to the
edges, it did propagate deeply into the beam to the neutral axis.
Fig.21 is a composite photomicrograph of a beam that bechaved very much
the same as the beam shown in Fig.20 even though their dimensions
were complctely different. A feature cowmon to all beams that

deformed predominantly in the 3D mode was that the neutral axis
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remained clearly defined as is evident in both Figs.20 and 21.

I1T.3 As-Polished Beans
Beams of Mg0O, polished before bending until all etchable

fresh dislocuation loops had been removed, displayed a wide variation
in behaviour., They could be classified in three groups according
to the strain achieved before fracture,
(a) Classification I

Some of the polished beams fractured at a very early

stage in the deformation, at strains from 0.1% to 0.5%. Representative
load~strain curves for such becams are plotted in Fig.22. It can be
seen from the curves that the work-hardening rate varied from specimen
to specimen but generally was quite high and that most of the beams
fractured at loads roughly 1.5 x load at flow. The slip bands were
normally fewer in number, but much heavier than those in the as-cleaved
bezms and a significant proportion of the slip occurred in both the

2D and the 3D orientation. In many beams the slip pattern was
extremely irregular with no recognizable neutral axis evident, either
on the etched surface, or in the interior birefringence pattern. A
beam that deformed in this fashion is shown in Fig.23%. The inter-
ference of established 3D slip bands with bands formed at a later

stage in the deformation was fregquently observed and is clearly
portrayed in Fig.2h.

In almost a2ll the beams in this category, the fracture
originated at the interscction of two orthogonal slip bands. If the
slip bands were in the 2D oricntation, the fracture normally grew
from a line source along the intersection of the slip bands, leaving
the characteristic (101) step on the fracture surface. Somctimes this
step did not completely traverse the cross-scection, possibly because
of the interference of slip in the other orizntation, this behaviour
giving rise to complicated fracture surfaces of the type illustrated
in Fig.25. Line sources of this description were reported by Stokes,
Johnston and Li (1959(a))in bending specimens, and by Stokes et al.
(1958) and by Jobnston ¢t al. (1959) in tension and compression

specimens,
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In a significant number of the beams the fracture originated
at the intersection of two 3D slip bands at the teansion surface, as
illustrated in Fig.26, The mechanism responsible for the crack
nucleation is probably the same asthat operating at the intersection
of 2D bands, but since there is a strain gradicnt along the 3D inter-
section the characteristic long slit and resultant step is not formed.

In both cases, the mechanism creating the initial crack at the slip

band intersection is probably that assumed by Stroh (1955) in which

edge dislocations, forced against a barrier, coalesce to form the

crack nucleus. It is evident in Fig.26 that the slip bands need not

be very heavy to provide a sufficiently strong barrier for a pile-up.

It might even be suggested, the slip lines are so fine in the illustrated
case, that the fracture originatéd at a microcrack already in the surface.
However, were this the case, one would expect the radiating slip bands

to be much heavier, since such a crack would act as a source of slip

from the earliest stages of deformation,

(b) Classification II

The great majority of the beams, deformed in the polished
state, accommodated between 1% and 2% plastic strain before fracture.
The load-strain curves for these beams, reproduced in Fig.22, varied

from very smooth curves with a relatively low rate of work-hardening

to extremely irregular curves with sharp load drops which sometimes
amounted to 20% of the applied load.

The beams for which the load-strain curves were smooth,
deformed predominantly in the 2D mode in many intersecting slip bands.
Usually they fractured from a line source along the intersection of two
of these bands as described earlier. A typical fracture is illustrated
in Fig.27.

On the other hand, the beams for which the load-strain curves
were discontinuous deformed with a much larger proportion of slip in
the 3D mode. When observed under polarised light during deformation,
it could be seen that the load drops coincided with the formation of
at least one heavy band of 2D slip, and in addition, were accompanied
by an audible "squeak'" or '"click". Discontinuities of a similar nature
in the load-strain behaviour of MgO were reported by Johnson and
Cornet (1961) and Stokes (1962). Classen-Nekludova (1929) reported
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apparently similar "eclicking" during jerky flow at elevated temper-
atures in NaCl. Between the load drops the rate of work-hardening
was usually significantly greater then that at the same strain for
beans which deformed smoothly.

The fracture in nearly all the beams in this category grew
from a line source formed at the intersection of two reasonably heavy
bands of 2D slip. Very often the propagation of the fracture was
forced out of the (00l) plane into a (10l1) plane for a short distance
by the other bands of 2D slip before returning to the (Q01) cleavage
plane. This resulted in a fracture surface crosséd with a number of
parallel (10l) steps in addition to the one at which the fracture
actually originated. This type of fracture surface is shown in Fig.28.

Occasionally the fracture originated at the intersection of
two 3D slip bands as shown in Fig.29, but this was seldom the case in
beams deformed much more than 1%.

(¢) Classification III
A small number of the polished beams deformed almost

exclusively in two dimensional slip, which, in any part of the beam
was almost entirely in a single direction. When this was the case, the
load-strain curves were smooth and displayed very low work-hardening
rates as is evident in Fig.22. Beamns deformed thus were seldom
strained to fracture though strains as high as 7 to 8% were reached.

Part of a beam which deformed in this manner is shown in TFig.30.

III.4 Beams with Sourcss Introduced
The results of the bend tests on as-cleaved and as-polished

beams secemed to indicate significant differences in the bending
behaviour of beams deformed in 2D slip as opposed to 3D slip. The
polished beams of classification III provided some indication of the
behaviour at fairly large strains of beams deformed exclusively in 2D
slip. However, all the beams that deformed almost exclusively in 3D
slip were bent in the as-cleaved state and fractured at very low
strains. Therefore, if a2 comparison were to be nade between the two
riodes of slip, at significant strains, a method had to be found to

reach much higher strains with only 3D slip operating. This meant
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that beams had to be prepared with slip sources exclusively in the
3D orientation and without any microcracks that might initiate early
fracture,

This was accomplished by first polishing beams until there
were no etchable fresh dislocation sources in that part of the beanm
that would lie between the inner knife-edges. These beams were then
sprinkled on their sides with 220 mesh silcon carbide from a height
of three inches. As previously shown‘by Stokes, Johnson and Li
(1959(b)), the impact of the silicon carbide under these conditions
was Jjust sufficient to produce small singlé dislocation loops lying in
planes at 450 to the surface, and no loops in the planes normal to the
surface, Great care was taken to prevent any damage whatever being
done to the tension and compression faces during this treatment.

One half of the loops introduced in this way were in the
right orientation, and some of these were of the right sign to expand
when the bending stress was applied. The expanded loops all lay in
(011) or(011) planes and created bands of 3D slip on both the tension
and compression sides of the beam. Beams prepared in this way
deformed up to about 2% before fracture. Some of them had no more
than two or three bands of 2D slip, and these bands usually originated
at the loading edges; such a beam is pictured in Fig.31l. Load-strain
plots of some beams prepared in this way are given in Fig.32.

Those beams that deforrmed up to about 2% usually reached an
applied load approximately twice the load at flow, and their work-
hardening rate was substantially greater than that of the beans
deformed in 2D slip over comparable strains. A strain of 2% proved
insufficient to allow any accurate chaecking of the distortion of the
beam cross-section predicted in IXI-, 6. In fact, it proved very
difficult to obtain any sections of the beams for examination that
did not contain numerous cracks. Beams strained to this extent in
3D slip, though displaying no cracks when removed fror the bending
jig, shattered into many pieces if any attempt was made to cleave or
saw them. In some cases, apparently flawless beams shattered during

etching, and many others cracked while being handled in spite of the
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great care exorcised; and, as might be expected,many of the beams
shattered while still in the bending jig during the removal of the
load, However, some suitable sections of the beocms were obtained
for examination, and one of these is shown in Fig.33. Although it
is only slight, the distortion of the cross-section of the beanm
can be seen, and seems to confornm, at least in sign, with that
predicted earlier.

An interesting feature of the fracture that occurred during
and after the removal of the load was that it often originated on
the conpression side of the beam. In some cases it appeared to have
actually originated in an (01Q0) plane and propagated as a cleavage
crack longitudinally down the compression side of the beam. A
photograph of such a fracture is reproduced in Fig.34%. Often, the
same type of longitudinal crack was formed, but the point at which
it originated corresponded with the point at which a crack in a (101)
plane~originated as is illustrated in Fig.35. Consequently it was
not possible to determine which crack had in fact occurred first.

It can be seen clearly in Fig.3¢ that the longitudinal crack pro-
pagated along thc compression side of the beam and turned through

90° to propagate out to the tension surface. As the longitudinal
crack slowed down, the off-shoots towards the tension surface tonded
to twist out of the (0l0) plane into (OQOll) planes as can be seen ne=ar
the leading edge of the fracture in Fig.36.

The cleavage fractures through the cross-section of the
beans very often originated at the longitudinal crack. In Fig.37
this type of cross-section cleavage fracture is clearly illustrated
and in addition shows the nearly circular pattern of the crack front
at one hesitation stage in its propagation.

In some beams, othe¢rwise deforming completely in the 3D
mode, there appeared at strains around 2% and above, what seemed to
be faint bands of 2D slip near the neutral axis. They did not seen
to propagate from either the tenion or compression surface, but
originated, presumably, at ths sides of the beas near the neutral
axis. Upon examination after unloading, it was evident that in fact

they did not propagate through the beam, but were limited to a
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narrow region at each side. One bean in which bands of this nature
were very clearly defined was a bean which did not fracture during
loading, although a strain in excess of 5% was reached. Unfortunately,
upon unlo=ding, this beam shattered, and is shown in this condition

in Fig.38. Although the slip pattern was undoubtedly modified by the
nurierous cracks there is visible evidence in the birefringence

picture from the side that the 2D slip near the neutral axis existed
before any cracking occurred. The 2D slip that can be seen at the
compression surface formed during unloading. The rotation of the
lattice can be seen in the birefringence pictures taken from the
tension side nnd the compression side of the beam. The nagnification
of all the reproductions in Fig.38 is identical z2nd consequently, the
observable differcnce in width at the tension and compression surfaces
is a real difference indicating the distortion of the cross scction.
The angle @, defined in II.6, is measureable in these pictures and
corresponds within coxperimental error to the values that might be
pradicted on the basis of the calculated stroin, being approxinately
48° on the tension side and 42.1° on the compression sidc.

The beams that failed under load usually shattered into
several pieces. However, sonce of these broke into only two or three
piaces. The breaks in these beams very often roughly followed a (101)
plane outwards from the inner knife-cdges. Longitudinal cracks were
invaricbly prescnt in the remaining pieces, but becausec the beams were
so full of cracks, it was almost impossible to determine the point -t
which the fracture had originated, and the planes in which it
propagated initially. Occasionaly, when a nucleation point could be
flound, it was common to find two fracture surfaces which often appeared
to have formed simultoacously. However, it was interesting to note
that in almost every beam thnt failed under load, the fracture
originated in the neighbourhood of, or just outside the inner knife-
edges, in the region whire there was the additional simple shear stress.
There frequently was somc slip in the 2D mode in this region.,, but
whether the fracturc actually originated at the “intcrgcetion of slip
in this mode with slip in the 3D mode, as reportcd by Kch, Li and

Chou (1959), and Washburn, Gorum and Parker (1959), was not determined.
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IIT.5 Bending of LiF and NaCl

Since it proved impossible to strain beams of MgO

sufficiently to permit the checking of the¢ predicted distortion of the
cross-section, other materials with the same slip systems were turned
to. Two materials that were readily available and proved suitable
were LiF and NaCl.

| Beams of both LiF and NaCl were cleaved and polished until
etching revealed very few if any fresh dislocation sources in the beam
surfaces. No further preparation was carried out before bending.
(a) LiF

The beams of LiF were all bent in the four-point bending
jig at the samc strain rate as were the beams of MgO. Up to about
0.5% strain, slip in both the 2D and 3D modes was operative, but at
approximately this stage in the deformation, one mode of slip virtually
ceased operating and the other became dominant. The resulting load-
strain plots are reproduced in Fig.39. The very much higher rate of
work hardening for beams deformed with 3D slip, compared to that of
beams deformed with 2D slip, is immediately obvious. The linecarity of
the plots for beams deformed in 3D bending and their very close agree-
ment is striking.

Some of the beams were sawn through after photographs of
sufficient of their lengths had been taken to permit accurate estimates
to be made of the curvatures, and hence the strain, anywhere along
beam. The sawn cross-scctions of the¢ beams were photographed; one
of a beam deformed in AD slip is reproduced in Fig.40, and one of a
beam deformed in 3D slip in Fig.41l. The extreme distortion of the
cross-section of th2 beam deformed with 3D slip contrasts markedly
with the still rectangular form of the cross-section of the beam
deformed to a much higher strain with 2D slip. The lattice rotation
is evident in the birefringence pictures taxzen of the tension and
compression sides of the same beam as that pictured in Fig.40, and
reproduced in Fig.42. The measured radius of curvature of the neutral
axis of the beams for the region in which the pictures in Fig.42 were
takcen was 12.84mm and the beam depth was 1.74mm. On the basis of the

model of II.6, the angle © at the tension and compression surfaces
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should be 49.30 and 41.10 respzctively. The measured values of
these angles are approximately 49.2° and 41.4°. These measurements
were taken from birefringence observations and as a result should not
indicate quite as large a change in © as is predicted by the theory.
This is a result of the birefringence picture being an integration of
the stress pattern over a finite depth of the beam,and since the
rotation of the lattice decreuses as the neutral axis is approached
the integrated photoclastic e¢ffect would indicate a smallégrchange in
0 than in fact occurred at the surface.
(b) NaCl

The beams of NaCl, when strainzd at the same rate as were
the beams of MgQO and LiF, deformed with a combination of 2D and 3D
slip at the outset of pl:astic flow. At approximately 0.5% strain the
3D slip invariably stopped forming, save along the edges in some beans,
permitting the 2D slip in every case to become the dominant mode of
deformztion., However, an increase in the strzin rate of a factor of
ten changed this behaviour. The beams then displayed the same charact-
eristics as LiF with either 2D or 3D slip becoming the completely
dominant mode after about 0.5% strain. The¢ lo=zd strain curves obtained
are plotted in Fig.43 and show the same marked difference between beans
deformed in 2D slip and beams deformed in 3D slip. The distortion of
the cross-scction of beams deformed in 3D slip was obvious, a2s in the
beams of LiF,

Some of the beams of NaQl were deformed at strain rates
another factor of ten higher., At these strain rates kinks of the type
described by Stokes, Johnston and Li (1962) were very often formed
along both the tension and compression edges of the Dbeams. Upon
examination these usually proved to occur only in oricntations that
modified the glide planc¢s to anticlastic surfaces. A picture of a kink
formed along the compression cdge of a beam is reproduced in Fig.44,
Although it was difficult to make detailed observations at the strain
rates cmployed, it ocppeared that the kinks did not form suddenly, but
simplyY developed throughout the duformation. Normally, 3D slip
became the dominant mode of deformation in the kink, while in the
body of the beam, 2D slip became the dominant mode. The boundary

between the two slip modes, formed in this way, is identical to the
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boundaries formed in squat NaCl compression specimens, reported
originally by Brilliantow and Qbreimow (1937), and later by Taylor
and Pratt (1958). The same block slipping and resultant boundaries
were observed in squat compression specimens of KC1 by Vaughan, Leivo
and Swoluchowski (1958). Stokes, Johnston and Li (1961) and (1962)
also observed kink boundarics in bent beams of NeCl, LiF and Mg0O, but

report seeing these only on the tension side of the beams.

III.6 High Temperature Bending of MgO

(a) Factors Effecting Dislocation Motion in MgO

May and Kronberg (1960) found that the critical resolved

shear stress of g0 measured in 3-point bending at temperatures below
800°C could be significantly reduced by air quenching the specimens
from 125000 before testing. The critical resolved shear stress of
crystals prepared in this way decreased rapidly with testing temperature
to a2 minimum a2t about SOOOC, but then increased until at about 800 to
90000 it was the same as that for crystals tested in the as-received
or slowly-cooled state. The authors sugzested that the stress re-
duction brought about by quenching was the result of the impurities
being frozen in solution, and that as the impurities precipitated

out again at temperatures above 500°C the effect of quenching was
nullified. The local stress minimum reached in their tests was not
the mame for all specimens, but appeared to be dependant on impurity
content, However, the results of their tests on specimens in the as-
received state indicated that the critical resolved shear stress de-
creased almost linearly with temperature up to the limit of their
tests, about 900°C. Both Hulse and Pask (1960), and Phillips (1960)
reported a similar reduction in the yield stress up to about 1000°¢
for compression tests on as-receivéd specinmens and at higher temp-
eratures a lzvelling off of the stress to a relatively constant value.
Thompson (1960) observed much the same stress behaviour in bending
tests, bﬁt in addition found a significant diffcerence in the absolute
value of the stress recorded for specimens with different impurity

contents even at temperatures above 1000°c.
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The important effect of even a relatively small impurity
content was denonstrated by Gorum, Luhman and Pask (1960) who reported
nearly a four-fold reduction in the critical shear stress at room
temperature when the Fe impurity level was reduced from 30 p.p.m. to
10 p.p.m. Furthermore they observed significantly different effects
for specimens annealed at 2000°C before testing from those observed
for specimens annealed at 1000°C. Stokes (1962) found specifically
that annealing at temperatures as high as 2000°C was necessary to
dissolve some of the precipitate particles in Mg0O that might otherwise
act as dislocation sources at high stresses,

ixtensive studies of the factors effecting dislocation
motion in LiF were carried out by Gilman and Johnston (1957,58,59(a),
60) and Johnston and Gilman (1959,60). Johnston (1962), summarising
the observed effects of heat-treating on impure LiF compared these
results to the data available for Mg0 and predicted critical shear
stresses as low as 200 to 25Og/mm2 in pure MgO.

All these results indicate the importance of the part
played by impurities in the deformation of MgO, Johnston's prediction
amounting to a fifty-fold reduction of the critical resolved shear
stress observed for most of the material used in the work reported
herein. Thus it may be assumed that the room temperature behaviour
of MgO differed from that of LiF and FaCl, at least in part, because
of the influence of the impurities. Since no very pure MgQO was avail-
able it was decided as an alternative method of reducing the effect of
the impurities to perform the bending tests at as high a temperature
as was practically possible., Furthermore, this would have the added
advantage of increasing the ratio of test temperature upon melting
temperature to a value higher, but, according to the observations of
Johnston, Stokes and Li (1959(b)), more closely comparable to the
homologous tempsratures at which the LiF and NaCl were deformed.

To provide 2 high temperature testing facility the molybdenum

wound furnace and bending apparatus described earlier were built,
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III.6 (b) Results of High Temperature Bending Tests

Several bending tests were carried out at temperatures from
about 135000 to 155000. A few tests were performed at temperatures
up to 1690°C, but it was found at temperatures much over 1550°C, that
the rate of erosion of the silicon nitride cylinder became significant.
In addition, where it was in contact with alumina, the silicon nitride
tended to react, a thin glaze being produced on the surface. Further-
more, the alumina knife-edges reacted slightly with the MgO beans at
the highest temperatures, and undoubtedly deformed significantly under
the applied load. 4s a consequence, the machine could not be assumed
to be hard at these very high temperatures, and it was necessary to
correct the strains comouted from the output chart, to agree with the
measured curvature of the deformed beam, However, the strains cal-
culated for beams tested at temperatures up to about 155000 agreed
fairly well with the observations made after the beam had been
removed from the machine.

The beams were polished, loaded into the machine, and heated
to the testing temperature over a period of about onc and one-=half
hours. The knife-edges were then driven together at a rate giving
the same strain rate at the outer fibres of the specimen as was used
in the room temperature tests., When the test was completed the cell
was racked out of the furnace and the beam removsd. None of the beams
were deformed to fracture.

The load-strain plots of some of the beams are reproduced in
Fig.45, These curves show that there is a significantly greater
difference in the work hardcning rates associated with the two slip
modes at this temperature, than at room temperature. Furthermore,
the beams deformed almost exclusively in one mode or the other, there
being no evidence of the generally mixed slip that normally occurred
in polished beams at room temperature. In these ruspects the high
temperature behaviour of MgO correspondesd much more closely with that
of LiF and NaCl deformed at room tempcrature.

Kinking was freguently observed along both the fension edges

and compression adges of these beams in spite of the very low strain









36
5

rates, approximately 10°°. Normally the slip in the kinked portion
was in the 3D mode while the slip in the main vortion of the beam
was entirely in the 2D mode as can be scen in Fig.46. However, on
one occasion quite a large kink occurred in a beam deformed entirely
in the 3D mode save for the kinkcd material which deformed in the 2D
mode. A photograph of this kink is reproduced in Fig.47. Neither
of the kinks shown in Figs.46 and 47 were simple straight kinks, but
in the case of Fig.46 there were two parallel kinked regions while
in Fig.47 a portion of the kink appears to have branched away from
the main part.

After being deformed at these high tempceratures the beams
no longer etched properly. The pits produced at dislocations varied
greatly in size and shape, but were generally shallow and diffuse,
typical more of those observed in as-reccived material. 4 comparable
change in the etchine characteristics of material after heating was
reported by Gorum, Luhman and Pask (1960) and by Stokes (1962).

In the resulting ctch-pit patterns the density of the pits
coupled with their shallowness and irregularity of shape made it
difficult to establish the traces of any specific slip band. How-
ever, in beams not strained too heavily it was possible to see
specific slip bands as in Fig.48. Very often there was evideace of
cross gliding of screw dislocations (scc Fig.48) at the surface as
observed by Gilman and Johnston (1957) in Lif, indicating & substan-
tial reduction in the hardening offect of the impurities at these
elevated temperatures.

The birefringence pattern observed in the deformed beanms
was a great deal more diffusc than that observed in the MgO specimens
deformed at room-temperature. This difference can be readily seen
by comparing the two pictures in Fig.h49.

From the observations made on most of the high toemperature
specimens it might be concluded generally that not only was virtually
2ll the slip in a single nmode, but in addition it occurred in a
single direction. Furthermore, the slip bands formed at these

temperatures were no longer as well defined as those formed at room
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temperature. The dislocation density within the bands, as far as

could be discerned from the etch-pit patterns, was significantly

lower, and the general appearance of the bands resembled more closely
the broader and less dense slip bands observed in relatively pure

NaCl and LiF deformed at room temperature. However, this may not
indicate a genuine difference in dislocation density since simply
heating a beam of MgO that had been slizhtly deformed at room tempera=-
ture to a temperature little in excess of 1000°¢C greatly reduces the
numbaer of etch pits in the slip lines. In Fig.50 the etch pit pattern
on a beam slightly deformed at room temperature is compared with the
results of a continued etch in the same area after annealing the
specimen at 115000 and finally with the etch pit pattern in the same
area after a polish and re-ctch. In the final picture it can be seen
that all the pits which had become flat-bottomed after the anneal were
no longer present. It might be argued thﬁt the final picture indicates
the density of slip dislocations and all the other pits in the original
picture were simply debris pits of the sort described by Johnston and
Gilman (1960) in LiF, and by Davidge and Whitworth (1961) in NaCl.

I1I.7 Summary

At room temperature,beams of LiF and NaCl bent with slip
almost exclusively in the 2D or 3D mode after a brief period of mixed
slip at the outset of plastic flow. The work hardening rate for the
beams deformed in the 3D mode was very much higher than that for the
- beams in the 2D mode and was very nearly linear. For MgO there was
generally mixed slip in the beams deformed at room temperature.
Occasionally beams deformed almost exclusively in the 2D mode, but to
obtain beams significantly strained with slip exclusively in the 3D
mode it was necessary to introduce appropriate slip sources. The
work hardening rate of the beams deformed in the 3D mode was greater
than that of beams deformed in the 2D mode, the difference being
accounted for in part by significant elastic strain energy which was

sometimes partially released with explosive multiple fractures.
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On the other hand,the beams of MgO deformed at high
temperatures behaved very much more like those of LiF and NaCl at
room temperature, one slip mode usually completely dominating, and
all the slip often in a single direction. The difference in the
work hardening ratces associated with the two slip modes was sub-
stantially greater than that observed at room temperature.

In 2ll the bend tusts sipgnificantly more work was necess-
ary to achicve the same strain if the bending slip was in the 3D

mode as opposed to the 2D mode.
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CHAPTER FOUR A PHOTOELASTIC EXAMINATION OF CROSS-SECTION STRESSES

IV,1l Introduction

An investigation of the stresses in a beam deformed plas-
tically with 3D slip was obviously important if the marked differences
in the behaviour of beams deformed by the two modes of slip were to be
understood. Since MgQ is optically active when stressed, a photoelas-

tic examination of the stresses proved possible and was carried out.

IV.2 The Photoelastic Method of Investigation

The first observation of birefringence produced by the

application of stress to an isotropic transparent solid was made by
Brewster in 1816, 1In 1841 Neumann investigated the phenomenon further
and developed a theory on the basis of strains, and in 1852, Maxwell,
apparently unaware of Neumann's work, developed a thecory of precisely
the same form on the basis of stresses. However, the photoelasticity
of stressed transparent crystals was used but little in the investi-
gation of the mechanical properties of such c¢rystals until Obreimow
and Schubnikoff (1927), and later Brilliantow and Obreimow (1933)
employed it in their studies of the deformation of NaCl. The most
comprehensive work directly investigating the relation between the
observed birefringence and the state of stress in a plastically de-
formed solid is that of Nye (1949a,b) on AgCl.

In recent years the investigation of the propagation and
orientation of slip in transparent crystals using stress birefringence
observations has become a standard technique. It has proven especially
suited to the crystals of the rocksalt structure that cleave on{}OQ}
planes and slip on {IIQ} in €110), since observations can be made
through cleaved faces, normal to the Burgers vector, for slip in any
of the twelve systems, Its sensitivity as a qualitative tool in the
observation of slip was indicated by Mendelson (1961), who reported
observable birefringence only a few dislocations back from the leading

edge of glide bands in NaCl,
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The usc of stress birefringence as a quantitative teol in
the dcterminatién of the dircetion and magnitude of stress ar strain
in plastically deformcd crystals is a good denl more complicated ond
conscquently has not boen as widely cmployed. Steponow (1934) made
quantitative mcasurcments of the stress in AgCl using photoelastic
techniques as did Brilliantow and Obreimow (1933,1934,1937) in NaCl.
Nye (194%a,b) contributed grently to the cuantitotive usc of stress
birefringence in plastically deformed meterials with his analysis of
AgCl, and subsequently, he with others, Nye, Spuence and Spraci:iling (1957),
Sprackling (1959), and Stowecll (1962), have profitzbly applicd the
technigue in thoir investi ations of the longitudinal stresses in bent beams,

and the stresscs and strains in kinked crystals.

IV.3 FPhotoclasticity in Bent Deams

Before any analysis of the strosses in a three dimensional
stress system can be carried out using photoelastice techniques, two
important aasumptions must be made. If the directions of the principal
stresses are to be calculated, it must first be assumed that at all
points on the path of any ray of light passing through the specimen,
the directions of the principal axes of the indicatrix remain the same,
and thet the direction of observation corresponds with one of the axes.
It must further be assumed that the magnitudes of the principal stresses
normal to the cdirection of observation be very nearly uniform along the
path of any ray of light, if the difference in the mcgnitudes of the
principal stresses is to be calculated with any accuracy.

Now, if the stresses in the cross-section of o beam are to be
examined by longitudinal birefringence observetions, the first assumption
implies that one of the tiree nrincipal stresses, 7, @, or R,must, at
every point along the beam, correspond with the z-axis, the direction
of observation. The second assumption implies that none of the principal
stresses may vary from point to point along any line parallel with the
z-axis. These assumptions immedictely impose the restrictions that the

beam be deformed very little so that the curvature remain small, and
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that the part of the beam under observation have a nearly homogeneous
distribution of slip along its length., Fortunately, slip in the 3D
mode tended to be far more evenly distributed than slip in the 2D
mode, permitting both assumptions to be made.

The greatest experimental difficulty arose in attempting to
cut out suitable sections from deformed beams for observation., Beams
strained as little as 0.2% with 3D slip tended to crack on longitu-
dinal (010) planes and diagonal (101) planes during sawing, some
completely shattering when simply touched by the wire. Thus it
proved necessary to use specimen beams that had fractured cleanly on
an (001) plane during testing, and to attempt to estimate the optical

path length for which the above conditions were met in each case.

IV.4, Principal Stress Diresctions

When a perfectly isotropic solid is stressed, and examined
with transmitted polarised light, the directions of the principal
stresses in the plane normal to the direction of observation are the
same as the directions of the analyser and polariser at every point
of extinction, unless the principal stresses at the point are equal,
or zero. However, in stressed MgO the directions of the principal
stresses at any point in an isoclinic fringe do not generally corres-
pond with the direction of the analyser and polariser. They differ
from this direction by an angle X for all stress directions, save
those of elastic symmetry in the plane considered.

In Fig.52 a plot of the variation of Young's Modulus with
direction in a (001) plane, calculated with the equations of
Sokolnikoff (1956), is given for onc quadrant. From simple crystal
symmetry it is readily shown that the only axes of elastic symmetry in
(001) are {1007 ana [110].

Holister (1962) mecasured X for the simple case of compressive
uniaxial loading applied in a direction inclined to the [pOi] direction
in the (100) plane, at an angle 6. The specimens were prepared by

sawing bars from a cleaved plate so that the test pieces were bounded by
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two cleaved surfaces, two surfaces sawn parallel to the direction in
whichi the load was to be applied, and ends sawn and ground normal to
the loading axis. The observations werc made in the [}OQ] direction
normal to thc cleaved surfaces for © = Oo, 150, 300 and 450. As
expected, X was O at @ = 0° and 45°, ond was 8°% 1° at 6 = 15° and 30°,
It was assumcd that X varied smoothly with ©; the approximation that
the variation is sinusoidal giving the values graphically represented
Fig.51. The values of X obtained in this way were addcd to b, the
angle between [Olfﬂ and the direction of the crossed nicols, to give the
direction of the principal strcsses clong the isoclinics observed for
all values of .

Although, in the problem considered, this simple case¢ of
uniaxial loading did not apply, it was assumed thot the values of X
remained the same for the some valucs of ©, where © is redefined as the
smallest angle between the direction of the principal stresses and either
of the cube axes in the plane considered. This assumption is based on
the fact that at any point both of the principal stresses are inclined
to a cubc axis at the same angle, and hence, since the same value of ¥
should apply to each stress when acting sceparately, the same value of X

should still apply when they arc acting together.

IV.5 Principal Stress Magnitudes

In a perfectly isotropic material under stress, the relative
retardation of the ordinary and extraordinary rays is a function only of
the diffcrence in magnitude of the principal stresses in the plane normal
to the ray, and is directly proportional to the optical path length
through the stresscd moterial. That is, the values of the stress bire-
fringence coefficient, Cl-CZ’ is independent of stress dircections in an
isotropic solid. However, in the case of crystalline ‘'solids, including
MgO, the stress bircfringence cocfficient is dependent on both the
Girection of the principal stresses and the dircction in which the
observations are made. Giardini and Poindexter (1958), working with

synthetic MgO, detcrmined the stress-optical constant and reported the
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values ,‘Tll 'TT12

10 13cm /dync, (The sign convention and the symbols used herc are those
cstablished by Nye (1957) and not thosc used by the authors). Further-
more, they scparatced the values TT and Tf g1v1ng the valucs

T = -0,9 and 17‘12 = +0.3 x 10'13 cm /ayne. Using these valucs in

11
the cquations given by Nye (1957), the bircfringence cocfficients

-1.25 and TTLQ = -.,66, both given in units of

- o -~ b o a ) ivae b
C11 012 nd 044 werce calculated and arc compared below to thosce given by

West and tiakas (1948).

W.and M, G.ond P.
e - .
€17C5 3,26 3.28
Chy 1.64 1.73

These values serve to indicate how widely the birefringence
cocfficicnts may vary with stress dircction, although the varization in
MgO is extremely small compared to thoat encountercd in AgCl and other
soiids. Since stresscs lying only in the (001) plane are comsidered to
be present in the beams, only the valuc of 011—012 is of any direct
interest in the prescnt application. However, it does not give any
indication of the variation with stress dircction of the bircfringence
coefficient C -C in the (001) planc, but simply gives its value at
points wherc thc pr1nc1p“1 stress dircctions correspond te the cube axes.

When measuring X, Holister (1962) clso measurced the relative
retardations of the slow and fast rays for the same values of 6. He
used 2 }. wave plate as a compensator to measurc the retardation in the
fashion described by Jessop and Harris (1949), and his data are plotted
in Fig.52. From thc slopes of the lines, reclative values of Cl~02 can
be obtained for the values of © investigated., By applying this variction
to the values of 011-012 determined from the deta of Giardini and

Poindexter (1958) given above, absolute valucs of the stress-optic

cocfficiont can be colculated at © = Oo, 15° ,30 and 45°,

IV.6 Birefringence Obscrvations

Observations of the birefringence resulting from the stress in

the beam cross-section were made on the Zetopan microscope. Suitable
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Fig S4. The principal stiress trajectories in the
plane of cross~section of a beam deformed
approximately 0.3% with slip in the 3D mode.
These were determined from the imoclinic
fringes shown in Fig 53. The tension
surface is at the top of the figure.
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beaw scctions were stood on end in a both of di-iodo methone, which has
a refractive index closc to thot of MNgQ,ocnd cxaminced with tronsmitiod
polarized lignt.

To obscrve and rccord the isoclinic fringes for various values
of ¢, the nicols were set in » crosscé position and the beam section
rotatcd on the stage through 900. In Fig.53% the isoclinic fringes at a
numbcr of values cof ¢ arc shown for one specimen. By adding the correct
valuc of X to @, the stress directien in cach of the fringes is
cstablished. The principel stress trajecterics arc plotted in Fig.5h.

A cclour tronspar.ncy was token on type F Iktachreme of the
some becm at ¢ = 450 under exactly the some conditions as was the photo-
craph for ¢ = 450 in Tig.53, and is reproduced in Fig.55. By comparing
the two it 1s immediately obvious that what cppear as faint isoclinic
fringes necar the contre of the beam on both sides of the ncutral axis
in Fig.53% ~rc in fact isochroaatic linces corresponding to the first
tint of passcge. This is o result of the slight oversensitivity of the
bliock snd white film in the ycllow region. The primnry roocson that the
isoclinic fringcs oppecr so diffusce ond are scarcely visible in the
centrzl region oi the bexm is thot the trajectorics of thoe principel
stresses in that regicen ore chrnging direction only very slowly. Hence,
vhet is recorded in Fig.53 is thce combined effccet of both th isoclinic
fringes ond the isochrowmatic fringes. A reproduction of ~nother trons-~
parcney token of o beam cf diffcrent cross-scction, but vory nemrly the
same streoin is roeproduced in Fig.57.

To mcke obscrvations of the isochromntic fringes without the

interiecrence of superimposced isoclinic fringes is possible by

V]

adding

& wove plates to the opticnl systca, one between the pelorizor ond
specimen, ond one between the specimen ~nd ~nolyser. If the ¥ wave

plotes are arrmnged with their axes perpendicular cné rotated 450 rclative
to the ailrection of polaorization their only offcet will be to remove the
isoclinic fringcs. If they arc arronged with their axes parallel, in
addition to rcmoving the isoclinics they will ~dd o holf wave longth to

nll the relotive retordations smd so noke the isochroictic fringes appeor
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Fig 58. A plot of the magnitudes of the tangential

stresses at the boundarie=s of the beam

crosg-pection.

Along the centre-~line HD
the principal stress differaences - (P-Q)
are plotted. The tension surface is
the top of the figure.
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at points where the rctardations due to the stresses are (n+)2) A instead
of n A, wherc n=0, 1, 2,...ctc. The latter arrcngement was used
when the tronsparency rexroduced in Fig.56 was taken.

The relative retardation of thoe slow and fast rays could
be dotermined ot any point in the beon cress-scction from the isochromatic
fringes. Thus, the diffcrence in the principal stresscs could be
calculated at all points where the directions of the principal stresscs
vere those for which Cl--C2 werc known. IHowever, since the actual depth
of svecimen contributing to the isochrom:tic pattern was not known, the
stresses were colculated entircly on a relative bosis, the stress
difference giving rise to the first tint of passzge being arbitrarily

set to one.

IV.? The Determinction of the Stresses

At the boundarics of the cross-section one of the principal
stresses iust be zero and the other parnllel with the edge. Consequently,
the retardation at the beundarics gives o direct indication of the magni-
tude of the tangentizl stress. This is plotted in Fig.58 along with
the differcnce in principnl stress down the centre-line of the cross-
section. By applying small compressive loads to the cross-section and.
observing the resultant motion of the isochromntic fringes it was
determined that the P lines of principal stress rcepresent o compressive
stress cverywhere in the cross-section, whereos the Q lines a tensile
stress., This pcrmits a sign to be given to the stress plotted in fig.58
everywhere along the boundary. '

Since it has been assuued that therc is no variation of the
stresses with z, the stress distribution in the cross-section can be
expressed entirely with the stresses ¢, diY ond ‘3’xy' Along the

X
- . Pd
beam boundarics both the shear 7 ond the normal stress rust be zero,

Xy
Therefore, along GHA and CDE G'y is the ohly stress acting, ~nd it is
negative (temsile) along the tension face and positive (compressive)
along the comprcssion face. Along EFG and ABC only G"X acts nnd is

positive from E to F and B to C while ncgative from F to G and from A to B.
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The centre~line, HJKLD, is a line of symmetry in tho cross-

section. Therafore ffxy must be zero overywhere along its length, and
the principal stressas, P and Q,correspond directly with the stresses

G, ond cry. Considering first rj“y: along HJ, G’y = Q; along JK,
G~y = P; along KL,<Ty = Q3 and zlong LD , q& = P. Since P is

everywhare a compressive stress and 3 & tensile stress ny changes
sign at L, X and J and must fulfil the condition
(H
; 6~y dx = 0
+D
By a simple examination of Fig,58 it can be secn that this condition
is very nearly met by the differences of the principal stresses along
the centre~line. This observation leads to the conclusion that fT;
must not vary greatly along the line =2nd since CT; is zero at all the
points D, L, K, J and H it must be nearly zero cverywhere along the
length of the line.
This conclusion is substantiated by a simple application of

the Lame-Maxwell equation

P Q-P
® P
which given in difference form is
AP = (Q-P)M AS
Pu

whore &P is the increase in P in moving along the P stress trajectory
a distance A8, from point M to point Ny PM is the radius of curvature
of the orthogonzl Q trajectory at M; and (Q-P)M,the principal stress
difference at M. If M and N are successive points of intersection of
the principal stress trajectories drawn in Fig.58 proceeding from H
to J, it is obvious FM is very much greater thon &8 and hence the
change in P is very small compared to the principal stress difference,
-(P-Q), along the line. Since P must be zero at point H, P is every-
where nearly zcoro. Essentially, the same analysis can be applied to
Q from J to K to show that it too does not vary greatly and is every-

where nearly zaro alonc the line. It can thus be concluded that the
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difference in principal stresses plotted along line HD in Fig,58
gives a rsasonable indication of the values of G—y along the line.
Cr'y is tensile from H to J and K to L, and is compressive from

J to K and from I to D. Along this line the maximum value of Gjy
is reached on the compression side of the beam near the neutral
axis. In this region it is a tensile stress. Cry does not vary
rapidly with y in the region mnear the neutral axis until close to

the sides of the beam where it decreases fairly rapidly to zero.
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CHAPTSR FIVE

DISCUSSION

V.1l Introduction.

There are essentially two important problems which
present themselves in the foregoing observations on the plastic
bending of beams. The first is to determine why some beams deform
almost wholly in the 2D mode while others, apparently similar in
every respect, deform almost exclusively in the 3D mode. The second
problem is to explain the marked difference in the work necessary
to zchieve the sarme strain in beams deformed in the two different
modes. In the attempt to deal with these najor problems it is
hoped soma light may be shed on the related topics of kinking and

the fracture mode.

V.2 The Predominance of one Slip Modc.

Throughout the experimental work beaus were obscrved to
deform almost exclusively in a single slip mode under a wide variety
of conditions. Some of the factors which undoubtedly played - ir..
portant part in this behaviour were the number and orientation of
slip sources, the interference of established slip bands with sub-
sequént slip, and the modification of the stress within the beam
by the initizlly formed slip. In almost every case all three of
these factors played at least some part in the establishment of the
eventual slip pattern, and only rarely could their effects be clearly

‘~arated. However, in order to apply some organization to the

discussion it will be arranged around these three factors.

V.2 (a) Slip Sources.

One very obvious way of controlling the slip node in a
beam is to make certain that all probable sources of slip are so
oriented that upon activation the slip is in the required mcde.
This method was employcd for some of the beams of MgO and was des-
cribed in III.k4. This procedure is possible in Mg0O because

2ll the grown-in dislocations that night otherwise move and multipl-
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to form glide bands are exceptionally well pinned. The effective=
ness of this pinning was clearly demonstrated by Stokes (1962) who
reported achieving stresses as high as six to eight times the normal
flow stress before any slip occurred in carefully polished, dog-bone,
tension specimens of as-received material, Much the same procedure
for controlling the slip mode could be employed with beams of LiF,
were this necessary, for once again the grown-in dislocations were
never observed to move. Gilman and Johnston (1957) reported the
immobility of the grown-in dislocations in LiF and attributed it to
the associated impuritics. However, the problem which must be
answered is not how the slip mode can be controlled, but why when
there is a randon distribution of slip sources in both orientations
one eventually becomes the douminant mode.

In the case of e beam with a vast number of dislecation
loops that can act as slip sources, as in all the as-cleaved beans,
the loops in the 3D orientation invariably expanded appreciably
before the loops in the 2D orientation even began to expand. This
mizght be expectasd since edge dislocations were observed to move at
lower stresses than screw dislocations both in the work described
here and that reported by Stokes et al. (1959 (b)). Consequently
the slin in the 3D orientation should be the first to expand across
the tension and compression surfaces. When the 2D slip does start
to form the dislocations in the 3D node should be moving across the
beam at a velocity at least an order of magnitude greater than those
in the 2D modg, according to the result of II.2. W.G. Johnston is
reported by Keh (1960) to have found that the linear velocity of the
edge component of a dislocation half-loop is approximately 200 times
that of the screw component of another loop in the same homogeneous
stress field in igO, If the difference in velocities is in fact
this great, the formation of slip in the 3D mode at the tension and
compression surfaces would be even more favoured. Therefore the
predominance of 3D slip observed at low strains In as-cleaved beams

and illustrated in Figs.20 and 21 should be ecxpected.
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On the other hand when a beam with all obvious surface
sources reroved is deformed, the factors governing the distribution
and wode of slip are more conplicated. The contact of the knife-
cdges undoubtedly damages the crystal surface, producing fresh dis-
location loops waich should be the first to cxpand. This danmage
permits slip to start on the coxpression side of the bean, but does
not initiate any slip on the tension side. If there are no sources
activated at the low stresses on the tension side an outward dis-
placement of the neutral axis will probzbly result with the stress
on the compression side not exceeding that needed to move disloc-
ations while the stress on the tension side continues to increase
until a sufficiently high stress is reached to nucleate slip. The
influence of ths knife-cedges is particularly importont in three-
point bending and often results in beans straining to fracture
with no slip nucleated at the tension side of the beam., Such
behaviour in carefully polished beams deformed in thrée—point
bending was reported by Stokes (1962).

Howe¢ver, should some internal dislocation loop start to
expand when a relatively hizh stress is reached in an otherwise
slip-free beawr, it will expand very rapidly, nultiplying profusely,
and result in a very heavy slip band. It is likely that such an
expanding slip band will also produce slip on orthogonal planes
after the manner described by Stokes (1962), and in so doing per-
petuate its own slip mode. It was the rapid growth of slip bands
in beams whose other slip sources were nearly exhausted that pro-
duced the marked load drops seen in the plots for beams (b) and
(¢) in classification II in Fig.22.

Normally it should be expected that scveral sources be
activatsd at about the same stress with no particular preference
Tor slip in one mode or the other. Hence the resulting slip
should, at an early stage of the deformation in the polished beans,
be a combination of few, but fairly heavy bands in both orientat-

ions. The relative predominance of one slip mode should depend
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largely on the chance oricntation of the activated slip sourceas.

The resulting random distribution and orientation of slip might

in addition be cxpected to substantially modify the stress dis-
tribution in th: beam, and probably provide slip intersections
suitable for the nucleation of microcracks and the ensuing fracture.

Most of these phencriena can be scen in Fig. 23. Along
the tension side almost all the bands arc in the 3D orientation and
although few in number are relatively heavy. The great preponder-
ance of slip has originated at the conpression surface, possibly
because of the influence of the knife-zdges, and apparently dis-
placed the neutral axis towards the tension surface.

Following the same argunent and assuning that the slip
sources are randonly oriented, it might be expected that only on
very rare occasions would one mode of slip completely dominate,
and that even in bears in which this was the case, fracture would
probably be nucleated at the intersection of orthogonal slip bands
long before the beams were full of slip. On even rarer occasions
all the slip might be in the szme direction, thereby increasing
the probability of higher strains being reached before fracture.
The behaviour of the MgO beams deformed at room temperature reported
in III.3 substantiates these predictions. The postulated arguments
of course only apply to beams deformed in pure bending, since in
three-point bending the resolved stress is greater for one direct-
ion of slip in the 2D mode than for any of the other possible slip
directions at every point in the beam. Consequently, in three-
point bending the probability of singls slip occuring in the 2D
mode is substantially greater than in a becan deformed in pure bend-
ing since the velocity of the dislocations is so extrenely stress
sensitive,

An effect which probably plays some part in the
establishuent of one slip mode over the other is the propensity
observed in all three of the materials discussed here to slip in

such a direction that the glide direction is the shortest possible.,
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When deformed in compression all three materials slip so that
slip steps appear on the wider face of the specimen while the
direction of slip is parallel with the narrow face. This
behaviour was reported in NaCl by Dommerich (1934), Wolff(193h)
and Smekal (1934) and more rccently by Pratt (1951). Wu and
Sizoluchowski (1950) found in some cases in their experinents on
single crystals of aluminium that the first slip system to operate
was not that predictced by the usual criterion of maximum resolved
shear stress, but was that for which the length of the glide path
was 2 minimun.

It is not clear what effect this phenomenon might have
in a linearly vorying stress field of the sort encountered in a
beam before any plastic flow has occurred, but should the same
criterion apply, the beams would have to be twice as deep as wide
to give equal probabilities of expansion for slip in the two modes,
In the casc of NaCl there apparently was a greater tendency for
beans to deform in the 3D mode as the depth to width ratio of the
specimen was increased. However, this effect was often masked by
many others and no specific conclusion drawn on the basis of the
experiments reported here. This nay suggest a profitable line of
experiments in which the cffect of the depth to width ratio is
investigated.

It rnay be concluded for the case of MgO deformed at
room tamperature that the orizntation and number of slip sources
plays a very important part in deterrmining the s5lip behaviour of
the beam., If many randonly oricnted sources are present the
probability of the beam deforning with slip predominantly in the
3D mode is increased, whereas if all the obvious surface sources
are renoved the oricntation and density of the slip is directly
dependent on the number and type of the unseen sources that are
eventually activated.

The role of the slip sources in deternmining the eventual

node of bending in NaCl and LiF was not as clearly defined as in
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MgO at roon temperature. ALl the beams of NaCl, LiF, and MgO for
the high tcupurature tests, were polished until all obvious surface
sources were rencved and were then deformed. After about 0.2% or
3% strain both the NaCl and LiF beams contained a great number of
fairly light slip bands in both orientations, but by the tine
strains of approxinately 0.5% were reached, the slip in one
orientation had virtually ceased operating, Although it was
impossible to observe the slip during the high teuperature tests
on Mg0, the final appearance of the beams was wuch the sane as
that of the LiF and NaCl. Thus it misht be assuned that all
these beaus deformed in much the same way.

As o result of thesce tests it may be concluded that the
number and orientation of th: sources activated it the outset of
plastic flow did not have as direct a bearing on the eventual slip
mode as they had in the case of MgO at room temperature. Rather,
it appeared that the established slip, by the tine a strain of
0.5% was reached, in some way conmsletely prijudiced the further
formation of slip in favour of one mode or the other. Very seldomn
was there a preponderance of slip in one wode at the very early
stages of deformation, as was scmetimes observed in polished beans
of Mg0 at room temperature. This obssrvation may be explained at
least in part by the fact that in LiF and NaCl the activated
gources were far more numerous, thus reducing the probability of
ther: being a sipnificant difference in the proportion of sources

in the two modes.

V.2 (b) Interaction of Slip

The intersection znd interaction of slip dislocations in
crystals of the NaCl structure have long been known to influence
the motion of the dislocations and hence the nechanical properties
of such materials. Since the slip in the three materisls consider-
e¢d occurs in-{llo} {1I0pslip systems, 21l the possible inter-

sections can be divided into two groups according to the angle at
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which the slip planes intersect. In onc group 2ll the intersec-
tions occur between normal slip bands while in the other the slip
bands are always inclined to each other at an angle of 120°.

The first group of interactions may all be reprosented
by the EBurgers vector cguation,

3 [To1} + # [ao1] - [ood],
assuning that the dislocations coalesce to form a single dislo-
cation. However, it is doubtful that the newly formed disleocation
will be stable since this reaction does not involve & lowering of
the elastic cnergy. Nevertheless, by assuiring that it does exist
and that its formation causcs a symuzetrical pile-up of dislocations
on the intersecting slip planes, Chou and Whitnore (1961) evaluated
the shear stresscs on the slip planes =t the tip of the pile-~up.
They found that the stress reached a level of 374 tines the applied
shear stress when there was a pilc-up of only 60 dislocations on
the two glide planes, and that a pile-up of 120 dislocations was
sufficient to reach the theoretical fracture stress. Obviously,
to support such high stresses, the slip barrier nust be extremely
cffective., Therefore it is most unlikely that the dislocation
reaction given above plays 2 significant role in the blecking of
slip.

In their clectron nicroscopy studies of MgO Washburn et
al (1960) observed little evidence of any interaction or piling up
of dislocations at such intersections, and were it possible to
carry out the same exauination on LiF and NaCl the sarme observations
would prcoably hold true. However, Stokes et 2l (1958) and Washburn
et al (1959), and the author, in the work resorted in III.3,
observed the formation of cracks at such intersections in MgO
deformed at roon temnperature. These observations probzably imply
that when the dislocation dansity is low in both the intersecting
slip bands, the dislocations can quite readily slip past each other
and continus on virtually uninhibited, but that as the nuwber of

dislocations 1n the slip bands increasos they tore «ffectively
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hinder the slip in the orthogenal system and ray eventually block
its passage possibly leading to the nucleation of fracture. This
corresponds to the observations mentioned above and to those wade
by Parker (1959), but does not explain why fracture was nucleated
at the dintersection of the very lisht slip bands as illustrated in
Fig.26., 1In this case it scems unlikzly that either of the slip
bands were heavy enough to block the passage of dislocationson the
other, and in addition there is no obvious pile-up of dislocations
on cither of the slip plcnes, leading to the conclusion that some
other mechanism which contributed to the localization of a high
stress at the intersection must have beeh operative.

For the case of MgO deformed at road temperature it may
be summarised that orthogonal slip bands do not interfere greatly
with each other as long as they are not very heavy, but with the
band thickness the interference increases, and may lead to pile-ups
sufficient to nuclezte fracture. The same conclusions probably
apply to NaCl and LiF except that there is little evidence of cracks
ever being formed along such intersections. Instead, in these
materials kinks of the type originally described by Brilliantow and
Obreimow (1934) and later Orowan (19%2) normally occur. In this
kinking mechanism it appears that the dislocations in a light band
interfere with the passage of dislocations in the dominant orthog-
onal slip thereby causing pile-ups of dislocations of opposite
signs on the opposite sides of the interfering band. These pile-
ups distort the lattice causing it to buckle and the crystal is
said to have kinked.

Relating this behaviour to the slip in beams it is
immediately obvious that it plays no direct part in the establish-
ing of one slip mode as the dominant mode, since the slip inter-
sections between the two modes are always at 120° and never at 900;

Therefore the part played by this type of intersection is limited
to the behaviour of slip within either of the two modesyand of

course to the nucleation of fracture. If reasonably heavy slip
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bands are formed in one direction they may inhibit the passage of
slip in the orthogonal direction as suggested by Parker (1959) and
Stokes et al (1961), thereby promoting single slip. This
behaviour was often observed in the beams of NaCl, LiF and the MgO
deformed at high temperatures. The beams of Mg0O tested at room
temperature normally fractured before the slip in one direction
had become completely dominant. The fracture in almost all the
beams tested in the polished condition originated at such a slip
intersection before the slip had betome very dense, at outer fibre
strains less than 2%.

Thus the primary importance of this slip intersection in
the bending tests was its ability to nucleate fracture and thereby
terminate the test before either of the slip modes had become
dominant.,

The second group of slip interactions may be represented
by the Burgers vector equations

(1) 4 [of1] + 2[r0i]~ 3 [1i0],
or (2) 4 [IIl + 2[00Il »3 [113].
Chou and Whitmore (1961) have shown that 38% of the elastic energy
is released when two dislocations combine as in the first eguation.
Thus the new edge dislocation [}io] (112) should be relatively
stable. However, the interaction of dislocations as defined by the
second equation involves an increase in the elastic energy, and
hence the interacting dislocations probably will not coalesce, but
will try to repel one another alonz the line of intersection of
their slip planes.

In a theoretical paper Kear, Taylor and Pratt (1959)
discussed both of these int:rsections in some detail. They postu-
lated that the first would occur giving risc to the new edpe dis-
locations which would be in a position of minimum energy when lying
in [ili] one above another in (110)., This arrangement would give
rise to a pure tilt about [ili]. Furthermore, they predicted for

the second interaction that the dislocations would not coalesce,but
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that when many parallel slip planes intersect in this manner a
crossed grid of mixed edge and screw dislocations would be formed.
The resultant complex dislocation boundary should lie in {;ld} and
act as & barricr through which the slip dislocations can be driven
only with difficulty.

The formation of these boundaries lying in {110} between
regions slipped in the different directions was originally made by
Brilliantow and Obreimow (1937) when they compressed squat speci-
mens of NaCl. More racently the same phenomenon has been reported
by many others workin: with NaCl and other materials; se:z for
examples Stepanow and Nanskoi (1954), Klassen-Neklyudova et al
(1957), Vaughan et al (1958) and Taylor and Pratt (1958).

Thus it is evident that this slip interaction does pro-
vide an effective barrier to the propagation of slip, but its role
in the nucleation of fracture is not as well established. Chou
and Whitmore (1961) showed that if dislocations pile up on the
intersecting slip planes at such a boundary, only 62 dislocations
in each slip band are sufficient to raise the stress at the inter-
section to a level sufficient to nucleate a microcrack. Washburn
et al (1960) reported seeing dense tangles of dislocations at these
intersections in MgO, but reported that there was no evidence of
dislocations piling up against the intersections as was assumed by
Chou and Whitmore (1961), Nevertheless microcracks were reported
to have been nucleated in {lld}planes at such intersections by Keh
et al (1960) and Kch (1960) for specimens of MgO indented at room
temperature. Phillips (1962) observed cracks nucleated at the in-
tersection of {110} slip planes in compression specimens of LiF,
NaCl and MgO, and stated that the cracks propagated parallel to a
(110) plane in regions of high stress concentration. He did not
nake clear whether the intersection was between slip bands at 120°
or at 900, but it is probable that in a repgion of high stress
concentration there would be significant slip intersections of

both types. In three of the five examples given by Parker(1959)






58

of cracks nucleated at the intersection of slip bands, intersect-
ions at both angles had taken place, and hence the mechanism
responsible for the nucleation of the crack was not unambiguously
determined. Cracking was observed by Stokes (1962) along the slip
bands radiating from the line of contact of the inner knife-edge
in his bending tests, and similar observations were reported in
IIT.4. 1In these last tro cases the crack was not in the same
orientation relative to the intersecting slip as in the observ-
ations of Keh 2t al, but one feature common to all the examples
cited is that {110} cracks have only been observed to originate
in regions where intersections at both angles occurred and in
which the stress ficld was complex and not well understood.

Now, relating the effects of the slip intersections at
120° to the geometry of slip in beams it is inmmediately obvious
that there must be significant interference between the slip in
the two bending modes. One way in which this interference was
manifest was by the formation of the {110} boundaries between
regions slipped in different modes., This was first observed by
Stokes et al (1961, 1962) in beams undergoing bending and was
frequently observed during the course of the work reported in
I1I.5 and 6. In the lisht of the current experimental observa-
tions the explanation for their formation given by Stokes et al
does not appear entirely satisfactory. They called this pheno-
menon kinking and postulated that the kinks were formed to
accommodate the lateral contraction of the beam. The beams they
reported always slipped in the 2D mode, as might bte expected in
3 point loading, and the¢ smaller region, that shall be ref:rred to
as the kinked rerion, slipped in the 3D mode. This slip orienta-
tion can readily be szen in Fig.59 which is a reproduction of their
original prints.

Consider the besam of NaCl pictured in Fig.59. Since XK,
the angle at which the 2D slip bands are inclined to the beam
fibre, is very nearly 35° at the bottom of the kink it might be
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safely assumed that this beam had been severly bent to the limiting
curvature described in II . 5. . Further, assuming that the 3D
slip in the kinked region had developed from the outset of plastic
flow and at an early stage became the completely dominant slip

mode in the kinked ragion, the slip planes should have rotated
until inclined to the cross-section at an angle of 550. The
observed value of © is as close to this as can be measured, Further-
more, if the kink is assumed to lie in a plane that had been (110)
in the undeformed beam, but became distorted by the lattice rota-
tion as the deformation proceeded, then at the strain necessary

to produce the observed values of X and € the boundary should be
inclined to the tension surface at 40°., The measured value of the
angle is as nearly 40° as can be determined on the original print,

The other part of Fig.59 is a projection drawing of a
kink formed at the rectangular corner of a beam. The drawing was
made for a beam strained as assumed in the prececding paragraph,
and on the basis of the slip models given in II.5 and 6. 1In other
words, it is the theorastical form of the kink shown in the inset
figure. One of the obvious differences between the two is that
the 3D s1lip steps on the side of the kinked beam are substantially
more curved than the one drawn in the diagram and in fact even
appear to be curved the wrong way. Another difference is that the
tilted edge of the beam is not inclined as sharply to the tension
surface as in the diagram. Both these differences are due to the
excessive rounding of the beam edge during the chemical polishing
carried out before bending. In all other respects the two are
very much the same.

As was shown in II.5 a slip plane in a beam deformed in
2D bending is the mvolute of a circular Cylinder located with its
centre at the centre of curvature of the beam, Thus the slip
plane is a simple curved surfacc whose curvature never changes sign,
but increases from a minirmum at the tension surface to a maximum

at the compression surface. Assuming the lattice between the slip
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planes is elastically bent, additional constraints must be applied
to it if it is to remain a plane curve and not become an anticlas-
tic surface. Howewver, when kinking occurs, if the secondary slip
is in the right direction, the surface does become anticlastic and
some of the elastic energy will be released. If the slip occurs

in the other possible direction the elastic strain energy of the
surfaces parallel to the slip surfaces will be increased. Thus,

in a beam slipped in the 2D mode the sliy in the direction that
releases some of the elastic strain energy should be preferred in
the kinked wmaterial. The idealized form of such a plane, with the
kink in the right direction, is drawn in Fig.59. Wherever it could
be distinguished in the experimental work the direction of kinking
was that expected on the above basis. This indicates that the
constraint leading to the formation of the kinks is not entirely
accounted for by the transverse stress arising from the major bend-
ing stress, for were this the case neither of the two slip direct-
ions in the kinked material would be favoured.

Furthermore, if the kinking is related to the curvature
of the slip planes as suggested above, since these are most highly
curved at the compression face of the beam it should be expected
that kinks be formed at the conpression edges even more frequently
than along the tension edges. Insufficient experiments were carried
out to determine if this preference could be established, but it
was found that the kinks occurred along the comprossion edges of
the NaCl beawms just as regularly as along the tension edges. In
MgO insufficient kinks were observed to permit the drawing of any
conclusions, but again kinks were observed along both the tension
and compression edyes.

On one occasion, a kink in the reverse orientation to
those discusscd so far was formed in a beam of MgO deformed at high
temperature. I% formed in a beam that had slipped exclusively in
the 3D mode save fov one edge at which the slip was the 2D mode,

as can be seen in TFig.47. This observation, and the not uncommon
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branching of the kinks,as seen in Fig.4Z together with the obser-
vation of separate parallel kinks along the edges of some beams,
lead to the conclusion that the formation of these kinks is in
part dependent simply on the orientation in which the initial slip
occurred in different parts of the beams. The stresses developed
as the straining proceeds undoubtedly influence the kinks, and
particularly the direction of slip, but probably plays only a
secondary role in the actual formation of the kink.

More weight might be given to this argument by a simple
examination of the stresses in the cross-section of a beam that
arise from the major bending stress. These stresses will be at a
maximum near the centre of the beam and not at the edges where the
kinking normally was observed. Furthermore, the work hardening
rate of beams deformed in single slip in the 2D mode was very low,
as can be seen in the curves of Fig.22, III, and hence the longi-
tudinal elastic stress never rcaches a level much more than twice
the macroscopically observed flow stress. This estimation of the
stress is based on the assumption that the strcss still increases
linearly from the neutral axis out to the tension and compression
surfaces, which of course is no longer true, and hence this
estimate is high. Therefore,'since the transverse elastic stresses
are only Poissons Ratio times the longitudinal stress it is unlike-
ly that they even reach the magnitude of the observed flow stress.
Such a stress level is obviously inadequate to account for the
cracking and other phenomena attributed to it by Stokes et al(1961),
but undoubtedly does play some part in the deformation. It is
postulated that the orientation of the initially activated slip
sources, and the sigin of the curvature o: the lattice play more
significant roles in the formation and development of kinks.

So far it has beer established that stable boundaries in
{110} do occur in bent beams, soparating regions slipped in the
two bending modes. However, the two possible types of 120° slip

intersections undoubtedly have a significant effect even when it
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is not manifest as a kink. Whenever an intersection between slip
takes place at this angle the passage of the dislocations must be
hampered. Thus if initially a preponderance of sources producing
slip in one slip mode are activated this slip will hinder and may
effectively block the propagation of slip in the other mode. This
behaviour is illustrated in Fig.60. The sequence of plates were
taken of the slip pattern in a beam at strains of 0.5%, 1.2% and
1.8%. The bean had first been polished, was then sprinkled on its
tension and compression faces with 45 mesh carborundum and finally
strained. In order to take the pictures it was necessary to remove
the beam from the bending jig, etch it, take the plate, and then
replace it in its original position for continued straining. It
fractured at 1.8% strain., It can be seen that although the slip
was generally mixed in the first of the pictures, the predominance
of the 3D mode is evident on the tension side while on the
compression side the reverse is true. From that point in the strain
onwards it can be seen that the slip occurrad almost exclusively in
the mode that was predominant at 0.5% strain. It is also evident
that the formation of the 2D slip on the compression side was
primarily in a single direction in any given area after the first
plate.

The hindrance of slip by these 1209 interactions favours
the predominance of slip in the 3D mode since it can expand across
the tension and compression surfaces at a lower stress than can the
slip in the 2D mode, and c¢ven when the stress is high enough for
the 2D slip to expand, the slip in the 3D mode will be expanding
at a much higher velocity. Therefore, assuming o large number of
random sources the 3D slip should effectively criss-cross the
surfaces before the 2D slip has had time to expand appreciably and
thus be in a better position to hinder than be hindered. The type

of slip pattern predicted is illustrated in Fig.1lh,
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On the other hand,when there are no fresh slip sources
and 2 high stress must be reached to activate the potential sources,
the interaction between the slip in the two modes assumes less
importance relative to that of the orientation of the sources
eventually activated. It nevertheless still plays a significant
role in the eventual domination of one slip mode in such beams, as

long as fracture does not terminate the test prematurely.

V.2 (c) Modifications of Stresses.

The final factor influencing the eventual mode of slip
is the modification of the stress in the beam by the initial slip.
Up to this point it has been assumed that the stress driving the
dislocations in the two slip orientations is the same for each at
any point in the beam. This condition no longer exists once any
slipping has taken place. The use of stress birefringence to
observe the slip is possible only because of the modifications to
the stress pattern in the beam, and thus clearly demonstrates the
changes which accompany any plastic deformation.

The precise nature of the changes in the stress distri-
bution are extremely complicated and are the result of so many
factors, that for a rigorous examination of their effects each case
must be individually investigated. Nevertheless, certain general
observations can be made on some of the changes in the stress pattern,
Normally the stress pattern was most severely distorted in beams
that, beforc¢ T ending, had all their obvious slip sources polished
away, and consequently slipped in relatively few, but quite heavy
bands. In such beams 4the neutral axis, as observed by birefring-
ence, was often displaced away from the side of the beam in which
the slip in any given area originated, and in some beams became so
distorted that it was unrecognizable. Furthermore, in the regions
where slip intersections occurred both within a mode and between
slip in the two modes, the local stresses were often very high and

the birefringence pattern extremely complex. All these phenomena
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can be seen in the beam pictured in Fig.23. In this figure it is
virtually impossible to determine the position of a neutral surface
from the etchpit pattern, for although slip in the 3D mode origin-
ating on opposite faces of the beam stays fairly well apart, and
therefore might be used to indicate the position of the neutral
axis, when the 2D slip is considered, any semblance of a neutral
axis is destroyed. The slip in the 2D mode originating at oppo-
site faces frequently intersects and in some cases very nearly runs
completely across the becam, intersecting bands of 3D slip that
apparently formed under stresses of the opposite sign. This
particular examvle is typical of the behaviour of many beams, and
though it presents a confused picture, it gives some indication of
the importance of the changes that take place in the stress dis-
tribution once slip has occurred.

On the other hand, when there are a great many slip
sources, as in the as~cleaved beams, the distribution of slip is
far more nearly homogencous, and during bending the specimen be-
haves much more as a simple beam with a well defined neutral axis-.
Nevertheless birefringence observations reveal that even in these
cases there still is substantial elastic strain energy resulting
from the slip. However, on the rare occasions when the slip was in
a single direction in any specific region of a heaviiy strained
specimen, the birefringence pattern corresponded very nearly to
that expected in an e¢lastically deformed beam, indicating that
the resulting elastic strain energy was very nearly the minimum
possible valuc.

Thus on the basis of a simple photoelastic examination,
it is evident, as might be expected, that the more nearly the slip
distribution approaches the condition of homogeneous single slip,
the less elastic strain energy is needed to achieve the same strain.
Hence, once slip in one direction is established, the energy
necessary to form slip in any other direction is increased, even if
the energy associated speciically with the intersection of the

dislocations is not considered.
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The role of the secondary elastic constraints in
influencing the orientation of the slip in beams predominantly
deformed in the 2D mode was discussed in the previous section.
However, in beams deformed in the 3D mode the nagnitude of the
stresses in the cross-section is very mwuch higher for the sane
strain, and their direction and distribution far more complex.
Using the stress convention established in IV.7, and referring
particularly to Fig.58, it can be seen t-rit at the beam surfaces,
where slip would most probably be nucleated, there is only one
stress that need be considered, Furthermore, since only the =ffect
on the nucleation and propagation of slip in the 2D mode is to be
considered, and GQ has no cemponent resclvable in the direction of
slip, only G; necd be exomined,

Since G& is normal to the tension and compression faces
it must be zero at the faces, and,as shown in IV.% does not vary
ropidly in the x-direction. Thersfore,if the sources are consid-
ered to be lying in the bean surfaces, ideally they are unaffected
by G;‘at both the tension and compression faces. However, at the
sides of the beam, particularly near the neutral axis, (0x becomes
very large. In this area, on the tension side of the neutral axis
it is a tensile stress while on the conpression side a compressive
stress, Thus when (Etis resolved in the diresction of 2D slip at
the sides of the beam it is of the opposite sign to the resolved
component of the simple bending stress and reducer the stress
applied., At high strains, i.e. 1.5%,ﬁ nay even exceed the simple
bending stress by o sufficient mognitude to nucleate slip in the
2D mode of the wrong sign to accomodata the major bending curvature.
This may erplain the appearance of the 2D slip birefringence at the
sides of the beom in Fig.%*3 and the 2D slip lines near the neutral
axis on the side of the bean shown in Fig.60. (These stresses will
be discussed more fuliy in the next section.) It further explains
why the 2D slip in the as-~cleaved beans pictured in Figs.20 and 21

did not propagate completely out to the edges of the tension and
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compression faces. The loops in the 2D orientation propagate
deeply into the beam and thus are retarded and eventually stopped
significantly below the surface by the (y stress component before
they reach the sides of the bean.

One further case that bears mentioning before leaving
this topic is that of the berm shown in Fig.24 in which two par-
allel 3D slip bands crossing the tension surface bloclzed the pro-
pagation of slip both in the 2D mode and on orthogonal planes in
the 3D mode. It is evident that the local stresses resulting from
these slip bands must be high, and when resolved in the direction
of slip in the three intersecting systems rnust be of the opposite
sign to the simplc bending stress. Assuning that no identical slip
bands existed on the compression side of the beam in the same
planes as the two bands pictured, thereby allowing the compression
side of the beam to bend sharply at the same place, but that the
slip on the compression side though equivalent in total magnitude
was fairly evenly distributed, then a tensile stress normal to the
neutral axis would result in the inmmediate neighbourhood of the
heavy slip bands. Such 2 stress would reduce the resolved shear
stress in the direction of the 2D slip and thus miy account for
the blocking of the slip in this orientation. The blocking of the
orthogonal 3D slip is not as easily explained,since, if the di-loca-
tion density in the two heavy bands is assumed constant, there
should be no resulting shear stresses in orthogonal planes, &accord-
ing to the stress analysis of Cottrell (1953). However, it is
highly probable that the necessary conditions for his analysis do
not apply, primarily because of the constraints applied by the
compression side of the beam. As a resv.t shear stresses capable
of blocking the orthogonal slip may exist.

To sunmarise, in beams in which there are many random
sources, slip in the 35D mode is favoured at the outset of plastic
flow, both because of the 2ability of edge dislocations to start

moving at a lower stress than screw dislocations, and because of
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their substantially higher velocity even when the stress is suffic-
ient to move the screw dislocations. Since the initial slip can
hinder the motion of subsequently forwmed intersecting slip the
probability of 3D slip becoming the doninant mode is quite high.
On the other hand, fer specimens with no fresh dislocation sources
the eventual slip nmode depends in large part on the chance orienta.
tion of the initially activated sources. Were these predcminantly
in the 3D.orientation very often the bearc continued deforning in
this mode, the ¢stablished slip offering sufficient resistence to
the formation of slip in the 2D mode to overcome the attraction of
the rore favourable inherent work-hardening rate.

These effects were more clearly demonstrated in the beans
of NaCl and LiF than in MgO at rcom temperature, since the elastic
. interactions of the slip were not masked toc the same extent by the
- hardening effects of the impurities. Nevertheless, the MgO deforned
at high tenmperatures exhibited much the same properties as the NaCl
and LiF, this change in characteristic behaviour mainly being due
to the reduced effect of the impurities and the greater ease of

dislocation climb and cross-slip.

V.3 Work Hardening Rates
When a baam is plastically bent with slip entirely in a

single direction in the 2D node, ideally, the form of the load-
strain curve, at low strains, should depend only on the relative
values of the stressec necessary to nucleate and to nmove the dis-
locations, as derived by Read (1957). At higher strains the change
in the shape of the slip planes and the increased noment of inertia
of the beam cross-scciion lead to a signiiicant increase in the rate
of work-hardening. However, for the strains at which comparisons
shall be made between the two hending modes these effects are en-
tirely secondary and need not be considered. The observed rate of
work~hardening uvp to strains of about 6% shall be considered to be

simply a combination of the geometric facters derived by Read, and
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the hardening effects associated with interactions between disloc-
ations, and dislocations with noint defects, These last two factors
should contribute very little if the deformation is entirely in
single slip.

Similarly, when a beam deforms plastically in the 3D mode
the same factors should influence the work-hardening rate to much
the same extent. However, upon referring to the load strain curves
in Figs 22, 32, 39, 43 and 45, it is immediately obvious that some
additional factors contribute far more significantly to the work-
hardening rate. To determine the reasons for this difference and
its significance, a more careful examination of the cross-section
of beams deformed in the 3D mode is considered important.

Assuming the stress differences plotted along the centre-
line of the typical beam in Fig.58 to be very nearly representative
of the relative magnitude of 69 , as suggested in IV.7, the sign and
magnitude of q; bears & marked similarity to the longitudinal bending
stresses in the relaxed, plastically deformed beam described by Nye
et al (1957). This stress distribution might have been expected
since the plastic strain of the cross-section varies with the longi-
tudinal strain, but is of course at any element in the beam of the
opposite sign. For any incremental change A© in ©, which is the
angle between the cross~section and the slip plane, the incremental
longitudinal strain is sin{(6+A9) ~ sin © while the transverse
atrzain is cos (6 +A8) - cos 6. It is evident that the magnitude of
these strains are equal only at © = 45Q and that as € either
increases or decreases from this value, the difference in the
strains increeses at an ever increasing rate, Neglecting, for the
time being, the fact that all the surfaces originally parallel with
the neutral plane have become hyperboloids of one sheet, and
assuming that the tension and compression surfaces are simply sec-
tions of circular cylinders, the difference in the magnitudes of
the strains sin(@ +&6) - sin 8 and cos(6 +46) - cos © must be

accounted for by elastic deformation if the beam volume is to
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remain constant.

Since ©  45° on the tension side of the beam, the
transverse strain is greater than the longitudinal strain, while on
the compression side of the beam © 4L450 and the transverse strain
is less tha:. the longitudinal strain. Such strains would lead to a
transverse compressive stress superposed on the beam cross~-section,
but since the conditions of static equilibrium must be maintained,
the resulting elastic stress remains a cumpressive stress at and
near the tension and compression faces, but reverses sign to becone
a tensile stress in the intermediate region as shown in Fig.6l.

When such a siress distribution is sup rposed on that of a relaxed,
plastically deformed. beam, the stress pattern resulting is very
nearly that observed along the line HKD in Fig.58. Thus it can be
seen that even at strains as low as 0.3% the incompatibility of the
plastic strain with beam volume, resulting from the lattice rotation,
contributes significantly to the strain energy in the bean.

If plastic bending is to proceed at any point in the defor-
mation, the component of the longitudinal bending stress resolved in
the direction of slip must equal the sum of the component of the
transverse stresses resolved in the direction of slip and the actual
stress necessary to move the dislocations. Thus it can be seen that
as the plastic strain increases the elastic strain of the cross-
section increascs,this increase requiring a greater stress, which in
turn is reflected in a higher work-hardening rate. The nmagnitude of
the stresses that may result in this deformation mode are extremely
large, as might be at least indicated by the fact that in a bean de-
formed ideally as defined in II.6 to a s*vrain of 5% the resulting
elastic strain is approxinately lxlO"B, leading to a stress
approvinmately 1x10"3E. Thovzh of the right ordcr of nagnitude, this
estimate ic high, for the slip surfaces will only rotate to a posi-
tion of equilibrium at which the longitudinal elastic strain is
slightly larger, but very nearly equal to that in the plane of the

cross~section. Thus It may be assuned that as o result of this
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elastic strain equilibrium the transverse elastic stress can be
represented by the expression % (sin 6 + cos 6 ~ V2)E. A plot of
these values for strains up to 10% is given in Fig.61l. Hence, the
very rapid rate of work-hardening can in large part be attributed
to the elastic strain energy necersary to raintain the beam at a
constant volume throughout the deformation.

Moreover, it can be seen that the maxinmum tensile stress
achieved anywhere in the heam is probably the transverse stress
in the cross-section just below the neutral ixis, in the region
in which the longitudinal cracks were observed to nucleate and
propagate.

FPinally, an account must be piven of the very high
stresses observed at the sides of the beams deformed in the 3D
51lip mode, as they obviously represent significan® elastic strains.
Since at the beam sides only (ﬂuacts, all the strains may be neg-
lected save those in the x-direction. A simple exanination of the
theoretical shape of a beam deformed without elastic constraints,
as given in II.6, reveals that the depth of the beam nmeasuvred
along the lattice lines increases from the undeformed beam depth
at the centre of the section to a maximum at both sides. This
increase in depth nust be accommodated elastically if only slip
in the 3D mode is operative, and consequently should result in a
tensile stress (:{ vhich increases from zero at y=0 to a paxinun
at the beam sides. However it was found that on the tension side
of the ncutral axis, (EL was 1 tensile stress, but on the conpres-
sion side became o comprescive stress. This change in sign at the
neutral axis can Le accountad for by assvming that the neutral axis
does not in fact hecome a hyperboloid, hut remains a section of a
circular cylincer. Since thecretically ne slip has talken place at
the neutral azis, this assunption may be at least partially justi-
fied, but doubtless, under the influence of the elastic constraints
it becomes ot least slightly curved. However, assuming that its

transverse curvature is substantially less than that of the
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rectangular hyperboloid predicted, {3y would be expected to be a
tensile stress on the tension side and a compressive stress on the
compression side of the beam, and further to increase rapidly in
magnitude as the sides of the beam are approached.

Under static equilibrium conditions Uy, should reverse
sign in the central portions of the beam, but maintain the samec.sign at
and near the sides of the beam where its maximum values are attained.
Such a stress distribution is shown in Fig.62. Doubtless these
stresses make a further cignificant contribution to the elastic
strain energy of beams that have been deformed exclusively in the
5D bending mode. Furthermore they probably account for the appear-
ance of slip in the 2D mode at the sides of some of the beams other-
wise completely deformed in the 3D mode., This secondary slip was
observed at strains 25 low as 1.5% and is probably of the wrong
sign to accommodate the major bending curvature.

Thus it can be concluded that the much greater amount of
work necessary to deform a beam in the 3D mode as opposed to the 2D
mode may be accounted for by the elastic strain energy remoining in

the beam after deformation,
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CEAPTER SIX CONCLUSIONS

Undoubtedly onc of the most convenient ways of plastically
deforming singlec crystals which cleave into orthorhombic specimens is
by bending. This method of deformation has been widely used by many
investigators to determine the mechanical properties of crystals of
the rock-salt structure and innumerable conclusions have been drawn
from their load-dcflection curves. However, as a result of the work
reported here it is concluded that of all the factors influcncing the
work hardening rate, the onc with thc most profound effect in specimons

undergoing pure bonding doformation is simply the orientation cf slip.

The offect of slip orientation is indcpendent of the material
investigated and deponds simply on the componcnts of the Burgers vectors
when resolvod in the cross-soction plane of the becam. If the component
is normal to the ncutral surface tho slip may be defincd as 2D and the
boam will doform as describcd by Read (1957) with a reclatively low rate
of work hardening, but if thc componont is not normel to the ncutral
surfacc the slip must be classificd as 8D. Assuming that the beoam is
not allowed to twist when slip in thc 8D mode occurs, the lattice must
rotatc about the major bending radii to pormit the nccossary cxtension
and contraction. As the lattice rotates the transversc plastic strain
is incompatiblc with the longitudinsl plastic strain and clastic strains
result., These clastic strains may bo oxpccted to be very small if the
cross-scction component of the Burgers voctor is noarly normal to tho
ncutrel surface, but to incrcasc to & maximum when the componont is
parallcl with the ncutral surfaco as in cleaved beams of kg0, LiI’ and
HaCl. Though zoro when the angle bofwocn the direction of slip and the
cross—-scction planc is 450, the clastic stre.in increases rapidly as the
angle cither inercascs or docreoascs Zrom thisg valuc.

Thus it may be concludcd that the usc of bending tests to
determine the oncrgy associatod with any of the aspocts of plasticity
in single crystals is highly suspect unlcss very carcful attention is
paid to the elastic cnorgy associated with the orientation of slip.

Furthermore, it may bc statcd that the usc of threoe-point bonding
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to deform singlc crystals of the materials described hercin, and probably
any othor matorials with fow slip sources,is particularly unsuitable for
dotermining their intrinsic plastic propertics, the load-deflection
curves rondering little informetion other than the characteristics of a
thrcoo-point bond test.

However, in & morc positivs vein, the rosults indicatc a
posgible mothod of incrcasing the strongth of single crystal beams. This
may bo done by preparing beams so thet when thoey arc strussed in bonding
slip occurs only in & dircction parallel with tho ncutral surfacoe and
inclincd to tho cross-scction at an engle diffrent from 25°, The details
of how this might bo zccomplished will vary from matorial to meteriel

and must bo woriced out for cazch individusl casc.

Although in tho work roported herc the invostigation of the
cffcet of slip goomotry was limitod prineipally to igO, with some work
being donc on NaCl and LiF, it undoubtedly should bos extonded Lo obhow
matcrials that arc commonly dcformed in bonding. However the feasibility
of cmploying photoclastic techniques to invostigate intornal strosscs
makas the continucd usc of transparcnt ionic crystals most attractive

for further investigations of tho bending phenomena.

An attempt should be made to cxamine the strosscs in the
cross-scctions of beens while they arc still under load, snd a mothod
should be devised for proparing boam soctions of known longths in
order to pormit a rigorous gquantitative cxamination of the stresses.
This investigation should be fully cxtonded to LiF and FNull, and cven
botter from the photoclastic standpoint, AgCl, since its streoss-opiic
constants erc very high. Such an investigation should provide sufficient
informetion to permit the accuratc chocking of tho strosscs prodicted
by the slip modcl, and additionally an cxporimental cstimats of the
clestic strein cnorgy in the boan.

Anotheor mothod of invostigating the offcct of slip in the 3D
modo thet might prove fruitful would be tho dovelopmont of e techniquo

for accuratcly dotcrmining both the shape of the bean cross-soction and
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the rotation of the slip plancs, preforably while the beoam is still

undcer load.

A sorics of oxpoeriments to determine the offcets of the
relative lengths of tho glide paths on the cstablishment of slip in
onc mode or the othor might provide further insight into the problem
of the cventual predominance of slip in one modc. Related to the some
problem, an investigation of tho cffects of changos in the strain rate
on the pattern of slip in boams would probebly provide additional
valuable information and may also shod somc light on the phenomenon

of kinking.

Finally, the author fcoels, as thoese conclusions indicatco,
that the work prescnted hore though far from being complete will both
permit better understending of the plastic propertics of bent crystals

and provide a starting point for meny fruitful investigations.
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