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The aim of this investigation wag to gstudy the way
in whieh single crystals of ice deform. However, as a
proeliminary %o this, a modus oporandl was developed for
groving single erygtals of known puriiy and preparing
them f@r the experiments. This not only minimises the

echanical damage sustained by the crystals bub also

provides facillities for their controlied doping.

The surface changes that cccurred whén regtangulay
specimens of single crystalline lce were compressed under

P

4 have been sbudied, and apart from ihe usual

‘m

a conscant 1o¢

)

basal slip lines. several ingtanceg of nonebasal ones wers
recovded. In additiong,%he distortion of the basal slip
lines was studied, especially neay grain boundarlies and
scme instances of polygonisation boundarics were observed.
By uging a modified formvar techmigque, silvered
replicas of deformed ice surfaces wore obtained, and the
spacings of the basal slip bands were measured as &
Ffunction of the resclved shear stress. TFor any speclmen
these showed considerablie gpread znd Wakahama's relation
gives only epproximate values - @speclally at low
stresses vhers very finely spaced lines were often

observed.
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The changes that occﬁrred in the appearance of a
deforming eryetal when if was viewed between crossed
polaroids were also studied and several intexresting
effects ohserved. Thug apart from The mass transpors
of material and interference effects at grain boundaries,
some interference linés were scen, which were rarallel
40 the bagal plane. If the explanation glven for ﬁhem
is correct, thelir presenge significs the active partic-
ipation of non-basal disloeations in the deformation
of iceo

Finaily, by studying the siresse-ortical elfect
reported by Nakaya (1956), some informaticn on the vay
the stress aistribuiion changes during deformation and

the agsociated relaxation was obtained.




ACKNOWLEDGEVENTS

The authoyr would llke %o thank the D.5.I.R. For their
finencial support and Professor Bedo Masin FcRoS. and
Dro J.To Partlett fox tholr active eneeu?agemem%'amﬁ

supervision during these lagt feoir years, without which

this work would have besn impossible.

Veny other pesple helped during the course of $his wozl
and the author would like Yo nsme & few of themse
Dre Go Halgh
Dre. HohoCo Mombgomery for measuring the organie
carbon conbent of the lce samplez.
Dre GoFe Rigesby for the photographs of his
miversal sbtage.
Dro A. Thabfiord for the use of the silvering plang
and an introduction %o Jonen® Calculus.
¥irge Sele Bosely.
Mre JoB. Crabbree and nds ztafl,

Mre EoG Jennings and his gtaff.

To all these people and others t@e aumereng to mention,
the svihor would like o G”p“@ﬁ“ his sincere grabitude

and thanks for nhexr aid au?mnﬂ ‘the last fow yvearse



Aol
i
=

19

97 OF CONTENTS

3

Ligh of Tsbles

blet of Figuves

CHAPTER 1. SURVEY OF PREVIOUS WORK

1.9

Introduction
Farly Workers
Toehing

Optical Changes
Surface Changes
Defoymation Cunves
T=ray Studles

General Discussion

Aims of the present woxl

CHAPTER. 2  PRODUSTION AND PREPARATION OF SINGLE

201
2,2
2.3
2.4
2:5

2.6

CRY.STALS OF JCE.
Inbtroduction
Water Source
Growth Franme
The Shaping of the Crystals
Determination of the Orieantation of the
Crystals
Purity

gZe

12
12
12
16
2k
26
30
35
36
L0

L2



Page
CHAPTER 3 SURFACE FEATURES DEVELOPED DURING 67
THE_DEFORMATION OF ICH
3.3 Introduction i 4
2 The surface changes during cresp 67
30201 Apparatus and Technique 63
3.2.2 Surface changes on a Single Crystal 72
3.2.3 Surface changes at a Grain Boundary 76
3c20% Changes that occurred after the load 79
had been removed
3.3 Slip Band spacings | 79
3.3.1 Apparatus and Technique 80
363.2 Some Preliminary Remarks on the 83
treatment of the resulis
3.3.3 The Results 86
3¢ 3.% Discussion 20

CHAPTER Y& THE OPTICAL CHANGES THAT OCGUR IN ICE 93
DURING ITS. DEFORMATION

Lol Introduction \ : 93
L2 Apparatus and Technique 93
b3 Thickness Contours . ok

hobe Interference Bands at Grain Boundaries 97



Yo 5 The Interference Bandg
%, 5,1 The Phenomenon
L. 5.,2 Pogaible Explanations
4.6 The Stress-Optical Effect
4, 6.1 The Phenomenon

Iy, 6,2 Digcussion

CHAPTFR 5 CONCLUDING DISCUSSION

APPENDIX
Appendin I
Appendix II
 Appendix ITT THE INTERAGIION OF POLARTSED

LIGHT WITH UNI=AXIAL CRYSTALS

A, HMethod of Analysis

B. Thicknegs Comtours

CGo Graln Boundaries .

D. Iﬁterferéﬁce Bands

Appendlx IV DISLOCAT TON MODELS FOR GRAIN

. BOUNDARIES

Ao ‘Genéral Result

B, The dislocation srray necessary to

explain the Interference Bands

Referoneus

101
10l
106
116
116
118

135
136
138
1h2
152

152
153

157



1.1

A.l
Ao2
A3
Aol

AeH

LIST OF TABLES

Possible combinations of glide planes and
Burger's vectors to give the eteh channels

The flow laws for Ice
Organic Carbon Contenis

Spacings of Interfevence Fringes at Grain
Boundaries
The smallest values of "32“ at which Inter-

ference Bands were usually seen

Bagie Data

The Intensities

The \.Talues of &

Corresponding values of ¥ and § -
| Rectangular Cooxdinates
Corresponding values of ¥ and § -

L~

Hexagonal Coordinates

63

100

106

149

150

151

156

156



Figa 1

Flg.
Flg.
Fige
Fige
Fige
Fig.

NS W Fo N

Fig. 8

Flg. 9

Fig.l0
Fig.1l

Fj.go 12

Filg.13

LIST OF FIGURES

&j
Pagasat

Stress systemng used by certain workers
{2) Tamxman and Salge (1.928)
(b) Nakaya (1956).
Eteh figures.
The principal directions in\ice;
The principal planes in icee
Burger’s model of a grain boundary.
Schematle diagram of water source.
Growth frame (&) Dlagram.
{(b) thtegrépha
{a) Waghing system.
{b) Mould and components.
{a) Xumunal cutter.
{h) Rectangular cubtter.
(¢) Balf~cubt specimene.
(d) Fully cub rectangular specimen.

Universal stage.

Relevant angles for rectangular specimens.

Apparatus for opbical studies
{a) Stress system.
(b) Optical system.
Photographs of apparatus used in

optical studies.

9

E3eg
15

17
19
23
27
k5
W7

57

60
62
69



Fig01}?

Figel§

Figalé
Figel¥
Fig.l8

Fig.21

Page
(2) Curvaturs of basal slip bandss 73
rolygonisation boundaries.
(b) Bzszsl and nonebazal slip bandse
{e) Grain boundary.
Apparatus used vo obtain slip band 82
spacings. {(2) Dizgram.
(b) Photograph.
Replica of slip bands. 8t
Typical sebs of resulis. 85
{a) Variation of glip band spacings 87
with stress for pure 16@.
(b) = for ice contamineafed with paraffin.
{a) Arbificial Thiclness Contourg. 26
{b) Flow conbtounrs.
() Interfersnce bands et 2 graln 98

boundary.
(b) Cross-gection of a regular grain
boundary.
{e¢) Crogs-section of an lrregulay
grain boundary.
(2) Interference Baunds. 102
(b) Change in direction of Interference

Rands when the surface is conpoured.



Tig.22
Figo23

Fig.2h

Flg.25
FigoZC*f

Fig.27

Pige 28

(¢) Interference Bands erossing &
‘ g

grain boundary.

The occurrence of the Interference Bands

The dependance of the spacings of the

Interference Bands on "go'.

(2) Dependance of s' on goe

(b) Stress systems acting during cereep.

(e¢) Relabion between the anis of com-

pression and the eptie axis.

(d) Unusual effect.

- Bxamploes of the stress optical effant.

(s

{a) Waveesurfaces in ice - shown In

e dimensions.

{b) Refraction of light at an alr-ice

interface.

(a} Ice model for the production of

Interfercnce Bands.

(n) Variation of exbinetion position

'With w K“ <
{2) Rectangular coordinate system.

{b) Hexzagonal coordinate system.

{c) Diglecation srray for twist components.

{d) Disiocation array Tor tilt conpinenis.

11
Page

105
107

b7

117
i3

146

154



2

CHAPIER e
¥_OF PREVIOUS WORK.

1.1 INTRODUGTION.
Though i% ies probadbly quite correst 4o say that the
plastic deformation of ice is not fully understoed; the
situation has improved considerably sinee 1950, when a
sr@newéd atback on the problem was made. Aﬁ first glence,
th@alaek of knovledge befvre this is rather surprising, as
a large mumber of papevs on the subject wore already
avéllable. However most of thess were concorned with She
" pehavicur of o parblculer type of polyerystelline lce and
s0 are of only limited relovance 4o the general problem.
Regent inVe&%igé%@ﬁg have started ¢o vemedy this by
concentrating nore on the fundamental paraméﬁﬁﬁs = thus
im%ergﬁanular effecte have been eliminebed by w@xking
with single erystels. Many experimenial %eehni@@@avhéve
beén used in these studies end will be considered below,
Euﬁ first, ﬁhe'few basic studies before 1950 mush be =

gurveyeds

| élﬁhbugh his main interest lay in the absorpiion
and conduction of heat, Tyndail (1857) alsa'sﬁuﬁisd‘ﬁhé
optical changes thab cesurprel when a block of lee wog
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deformed. He found that exial compression produced clouvdy
lines in his specimens, which were probably parallel to the
basal plame. This is not explicitly stated, but seems %o be
a reasonable conelusion as they were ususlly paraeilel o his
flowers, vhich do form in this planéo (These “flowers® are
actually melt flgures and have been thoroughly studied by
Hakaye)o

Tyenty years later, McGomnel and Kidd (1888, 1890, 18%91)
perforned the £irst experiments that were solely cong¢erned
with the deformation of iee. Though the apparatus was cruds
by modern gﬁanaards, some of their conclusions are s%ill
velid voday. Thus they found thatse
1. WUhen deformed, single crystalsg of ice behaved like

| .paeks of ecaprds.

2o The rate of deformation showed g bendeney o inerease

with time and temperaturg.
3. This rate was related to the applied stress by a

three-halves power law:e

Ae o ( éﬁ)%'
6,

(wheée 43% is the changs in the strain rate produced by
changing the applied stress from &; %0 Ge. o

About the same time a rather similar investigation

wae csrried out by Magge (1899, 1900). However, he was
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more conceined with The optical changes that oecurred
and in one of his papers there are some photographs whiech
show a layer styueture ¢hat formed when & block of ice:
was deformed. His stress system wag such that the
specimens were badly bent at the end of an experiment and
the way the layers folleowed the contours of the bends is
clearly visible In some of the photographs. In his 1&%@2
paper he apgues that there is no reason o belleve that
internsl melting hag to occcur for ige to deform and This
eonclusion ig, of course, of fundemendal importance.
The resuits of Tamman and bwmge“s {1928) were similarp
to those of previous workers, with one important exceplion.
They measuraed the rate at vhieh their spegcimens erepd
vnder a shear stress when o compressive stress wag also
p?esemto {See Fig. L) The creep vate seoms o have been
affee@eﬁ by the latber, though not ﬁnidiwecﬁi@nallya This
#aises the question of the compatibility of shear and
vnizxial tests and mey signifly the presence of active
non-basal dislocationsg.
It is interesting to note that both Migge and
Tamman and Salge attempted to £ind a prefevred glide
direction in the basal plane by maasﬁring the stress
regquired 4o chear ice in various directions in this plane.
None of these investigationg gave a posiﬁive‘resulﬁ,

which may mean that such a dizection doess not exumts
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Fig.1 Stress systems used by certain workers -

() That of Tamman and Salge (1928)

l
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(b) That of Nakaya (1958)
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1.3 EILCHING.

- (In Fig. 2 a selection of photographs of the vavious
Lypes of etch pite’is given as an aid in following oh@
discussion)e

1% is usual %o iist chbehing technlques according €o
their mode of action - hence the terms chemical and thermal
otchants (the former acking by dissolution and the latter
by svaporation of the suffae@ being studied). In the casge
of ice a great deal of confueion arose hecause the disting
Between the two was not veclised at the ocutseb. This
occurred because ths actlon of the formver films was notd
fully understocd. Higuchi (1958), who discovered that a

ﬂyie e dichloride couvld bz used €o

ﬁi

solution of formvar in
ebeh fce, thought that 1te asction was themmal. However,; 28
Rurciwa and Hamiliton (1962) showed so clearly, though this
is tvue in the casgse of the Lirst egatg the bottome of the
pits formed by this are caemically etched by subssguend
eoats. This conclusion is really quite logical and couwld
have been anbicipated - for a thermal pit is formed where
there is a hole in the formvar film and ho;es are Loagt
likely vhere it is thieckest (loe. Over The bottoms of plts
produced by the first application). Thus 1t secus that by
retording the chemleal action of the ethylene dichloride
on the ice surface with fozmvar, imperfections may be

detoeted.

Lion
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By using simple thermal evaporation, Truby (1955)
was able to obtain hexagonal pits on the basal surfaces of his
specimens. These pits tended to overlap each other and some
had steps in them. When the lce had been doped with
caesium fluoride, both the depth and density of these pits
was reduced. Again wilth the aid of thermal evaporation,
 Kuroiwa and Hamilton (1962) produced channels on the surp-
faces of thelr specimens. On prism faces these were
parallel to the basal plane, but on the latter they trie
sected or bisected the 1010) and <1130} directions.
(See Fig. 3). This result was quite unexpected and still
requires an explanation.

There is no obvicus correlation between the thermal
pits produced with the ald of formvar replicas and any
imperfections in the erystalys surface. However the
crystallographic orientation of the surface is discernible
from their shape - this being given by cutting a hexagonal
column, whose axis is parallel to the ceaxis, with a plane
that 1is parallel to the surface of the c¢rystal. The
bottoms of these large thermal plts were found to be
extremely smooth and have been used extensively in
chemical etching.

Chemical etching with formvar solution also produces
pits on the basal and prism faces which may be used to
determine the orientation of the speeiments surface.



Fig.3 The principle directions in ice

[The black and white atoms lie in different planes]

Basal plane

(oo01)

Prisrrl face
(2110) ,

Prism face

(0110)
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However thermal ones are better than these for this, as
they have shayper boundarles and are bigger. 1t is now

i

reasonably certaln that the chemical pits oceur vhere o
dislecatidns cut the surface; as the following obsgervations f
showse

1. Some of the pits have steps in them vhich can be
explained by the presence of screw dislocations (Mugusruma
(1961)3 Bryant and Mason (1960) ). |

2. The density of the pits is lower at the bottom of
a thermal etch pit than on the surface. This 4is %o be
e#pected 28 the surface is stressed during its preparation
(Mugurums, (1961, 1963)3 Mugurama and Higashi (1963 b.) ).

3. If the surface 1ls scratched, the density of these
eteh pits goes up by & factor of a hundred (Kurciwa and
Hamilton (1962) ).

Y. The pits interact with impurities and pilecﬁp a%
grain boundaries (Kuroiwe and Hamilton (1962);

Muguruma (1963) ).

5. Slip bands are marked by rows of these pits and
1t 4is interesting %o note that the rows ave a trifie wavy,
which may:indicate‘crasSaslip (Muguruma (1963) Jo

The pits produced by Truby (1955)'W@re very similar
4o those discussed above, both in size and density. Thus
it 18 quite possible that he did succeed in etehing ice

thermallss
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There have been two attempts to correlate chemical
c¢teh pits on the two faces of an ice erystal and both
falled, Bryant and Mason (1960) assumed this was due to
the devious paths followed by dislocations in traversing
the erystal; while Kuroiwa and Hamilton (1962) érgued
that 1t signified that the dislocations did not penetrate
the erystal. AY present it is impossible fo decide between
thego two alternatives. An attempt to correlate the eteh
pits on two fracture Teces (Kuroiva and Hamilton (1962) ')
also failed, probably dus %o relaxation phenomena.

Rows of pits may be scen at grain boundaries and “
several workers (Kuroiwa and Hamilton (1962); Muguruma
(1963); Bryant and Mason (1960) ) have used their spacing
to measure the angle of misfit. Unfortunately, none of
these meaéurements was checked by using another technique
such ag the extinction of two grains between erossed
polaroids. .Sueh a check might provide additional
information about the distribution of dislocations at
these boundaries, especlally il the two methods disagreed.

Several workers have reported the presence of etch
channels, some of which have actually been produced by
the application of a stress (Kuroiwa and Hamilton (1962);
Bryant and Mason (1960); Muguruma and Higashi (1963 be) Jo
They occuy on both basal and prism faces, In his study
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of the latter, Mugurums (1963) found that they were
tapered and tended to clongatve parallel To the basal
plane when the specimen was stressed. Assuming that they
consisted of piled-up disiccations, which were too close
to develop separate etch pits, he showed that the spacing
of the channels was consistent with the magnliude of the
applied stress. ;

The channels on the hasel plane run parallel to the
{1130> end <II00) directions and in some cases actually
gwiteh from one to the other. Their width often changes,
both abruptly and gradusily (l.e. they asssme a taper)
and etch pits have been found at thelr ends. Mas% workers
agree that the channels trace the motions of disloeations
and Muguruma and Higashi (1963 a. 1963 b.) have pémposea
the combinations of glide planes and Burger’s vestors
. shown in Table lo.l. (N.B. Fig. % shows the relevant
plahes)o

Where channels change thelr directiong between.
<{1010> and <1120y Muguruma and Higashi (1963 b.)
believe the dislocation has an (g + g) Burger's vector
and 1s slipping on the (1i23) and (100] planes. They
point out that the taper of some of the channels could
be due to impurities or vacancies that are deposited on

the surface by a moving dislocation. However, Kuroiwa



Fig.4 The principle planes in ice
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and Hamilton {1962) are of the opinion that the width of a j/
chamnel at any point is proporticnal to the speed with which”
the dlslocation passes it. Nelther of these explanations
seems satisfactory and the correct one may well be a .

compromise between the two.

Burger's Vector Glide Plane Direction of Trace on
" Basal Plans
gt a (1122 <1050>.
ate “(2010) {1Zoy
& (10i0) - {1010y

1.+ QOPTICAL GHANGES.
Up to the present, lNakaya (1958) has carried out the

most thorough study of the optical changes that occur.in a
gingle cyrystal of ice when 1t is deformed. The erystals,
which had been cut inte beams, were gtressed by thrse
knife edges (Fig. 1) and any changes that cccurred were
recorded by means of shadow photography. As deformation
proceeded,; he found that a series of fine iines appeared,
vhich were paralliel to the basal plane. They were about

0.06 mm. apart and divided the specimen inte a series;of

r."': .
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layers. After studying the behaviour of beams of various
orientations, Nakaya concluded that the plastic deformation
‘of ice is due to gliding between these layers, which,
though flexible, cannot be stretched. He also observed
the cloudy lines, referred to by Tyndall (1857), and
sueecoeded in showing éhat they were due to the s‘hrqss
concentrations that arise when Tyndall Flowers refreeze.

In one of his experiments with a specimen oriented
so that basal glide could not occur, Nakaya {(1956) saw
a rather complex pattern between crossed polaroids. The
load had already been removed when it was observed and 1%
changed as the polarcoids were rotated. Furthermore, there
was a dark shadow at the central knife edge which followed
the mazimum stress contour predicted by elastic theory.
Howvever, this could not have been a simple photo-eclastic
offeet as the pattern was visible when the load was removed.

By using the difference in the extinetion positions
of two grains on either‘side ef a grain boundary, Higashi
and Sakal (1961) were able to study the motion of such
boundaries under an applied stress. Provided the angle of
misfit was greater than one degree, the boundary was quite
visible; though if it was greater than ten dqgrees geveral
subeboundaries were formed and, instead of the usual single

row of eoich pits, several were visible. They were able %o
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explain most of their obgservations by assuming that the

arrangement of dislocations at the boundary was given by
Burger?!s model (Fig. 5). As they did not caleulate the
angles of misfit from the spaecing of the eteh pits at the
boundary and compare this with the value given optieally,
it i3 not certain that this assumption was justified,'and
it may be the source of the discrepahcies that occurred
between theory and experiment.

When the stress was increased, the activation energy
for the motion of the boundary dld not decrease, which may
mean that other slip mechanisms, besides The bagal ones,
were operative. Another interesting result was the variation
of this energy between 11 Keal/mole and 17 Keal/mole as the
orienﬁatian of the g - axes with respect to the boundary
wag varied. Higashi and Saltal showed that this migﬁt be
due to the changes that occur in the distance between
potential energy valleys as the cerystal is votated., Finally,
when the stress was reversed several times, the rate of
motion of the boundary tended to decrease. This may have
been due to an increase in the number of blocking disloc-
ations in the crystal.

1.5 SURFAGE CHANGES.

Many workers have reported that ridgos appear on the

surfaces of defoymed ice crystals vhich ave usually parallel



Fig.5 Burger's model for a grain
boundary '
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to the basal plane. These topological features probably
trace the intersection of an active glide plane with the
specimen's surface, and, as they have also been detected
by shadow photography, some form of disorder must ensue
in these planes ~ though Rigsby (1957) believes that no
eracking or breaking ceccurs. By immerging his specimens
in paraffin, Gold (1962) was able to follovw the develop-
nent of such featurss during deformation. However, some
care must be taken in interpreting his vesuits as the ice
vwag polyerystalline and not very pure. In common with
other workers, he often obgerved basal slip_lines, but
in addition, on two occasions he saw non-basal ones also.
As both of these were assoclated with an unusual feature,
he conecludes that prismatic slip is an extremely uncommon
occurrence. Uhen the deformetion was greater than 13, the
basal slip lines either curved or some short 1ineé were
formed that were perpendicular to them. As these were
usually associated with the formation of kink bands, Gold
suggests that they were small angle boundaries.

In his study of surface features, Wakshama {1962)
failed to detect any non-basal slip planes even when his
specimens were clamped for non=basal glide. However; he
measured the spaeings of the nonebasal elip bands on one

oceasion and using an empirieal relation, he derives a
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formuls for predicting it for other stresses. He justifies
this rather dubious practice by showing that it gives a
value which agrees with Nakaya's measurements. However,
not only was the exact value of the stregs unknown in these
experiments, but it is probable that other faetors, such
as impurity content, also affect the spacing. TFurthermore,
the dislocation model he uses - though able %o exXplain his
observations -~ secems to be an oversimplification and further
comnents on this will be made later.

By using the replica technlgue and an electron mlcero-
scope, Muguruma (1963) was able %o study the form of the
giip bands in more detall than previous workers. He found
that they consisted of wevy rows of plis and belleves that
this may indlicate that e§053mslip has occurred. The slip
lines could be divided into two clasgsses - fine ones about
Oe%ﬂ apard and well-devecloped ones aboul 19% aparte
Wakahama and Hakaya seem 0 have measured the latter, which
could consist of bundles of the former, and it would be
interesting to ascertain the relevance of these two types
in ereep. Once again 1%t is evident that Wakahama's model
is a simplification of the actual situation, though it
mist be emphasised that his model is very useful as a
rough guide as to what happens when lce creeps.
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AN

Though many methods have been ugsed to study the
deformation of ice, those described in this scction really
form the "backbone" to the investigation - for by measuring
the ereep curves of single erystals, gome insigh% into {he
basic mechanisms may be oblained. .This ean then be extonded
by using more speciaslised techniques.

In 195% Steinemann (195%) published the results of his
investigation into the flow law and glide clements of single
erystalline ice. Having clamped his specimens so that only

non=bagal f{low could oceur, he attempted to bend them; but
.ibﬁnd that there was either no measurable defoxmstion or
fracture occurred. The only marks that ever appeared on
these beams werse parallel o the basal plane and so &e
concludes that this was the glide plane. In %he sscond
part of the investigation he sheared his specimens
parallel to this plane, partly to discover a preferred
glide direction and partly to find the flow law. Unfori-
unately he failed to prove the existence of such a direction,
for though the ereep rate for a constant'stress exhibited
a slight anistropy at higher straesses, ﬁhis 1ay within hig
experimental errors. However, the resulis of his investige
atrdn into the flow law were rather interesting - for,
though he found that the creep rate was related to‘the‘;



stress by g power law of the forms-

. e =k&"
(vhere & = strain rate; & = applied streds:

g% and n¥ are constants) |

the exponent changed from 1.6 %o 3.2 at a strain of

about 104 - irrespective of the stress. This change was -
quite irreversible unless recrystallisation occurred and
the results showed less scatier after 1t. However, some
years later, (Gold (1962)) observed a similar transition
when he compressed cylinders of single erystals - but this
time the speclimens changed from soft to hawrde. Thess two
observetions have yeb o be ezplained.

Steinemamn®s resulis on the glide plane have been cone
Pirmed by Glen and Perunbs (L95%) who axielly exﬁénded
eylinders of ice and measured the orientations of the tapes
that formed « thege always bended to be basal. Though most
of thelyr creep curves were not very useful, it is in%e%esting
0 note that one of them could be explained if a power law was
assunmed. A similar law aisc fitted Tthe curves obﬁained’by
Griggs and Goles (195%) except that they added a constant

to allow for the temperature at vwhich the run was made:-
2
e =a (G- bT%)" t.
(where T = zbsolute temperature, t = time and ¥ag" and

nHt ape congtoants).
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Their results showed a lot of scatter which they
attributed to many factors including uncertainty in the
orientation, eccentric locading and inhomogeneous crystals.
Onee again non=basal deformation only produced erratic
behaviour. _ |

Assuming that shear and compressive tests are compat-
ible (despite the results of Tamman and Salge (1928) )
Butkovich and Landauer (1959) tried to £i¢ three different
creep laws to thelr experimental curves. They found that
there was least scatiter sbout a power lawv and so they opted
for it in the form:-

e = ksl
(vhere as 3)

Though this cipregsion {fitted the experimental pointg
obtained from both basal and nonebasal deformation, the
multiplying constant k was about a hundred times smaller
in thé latter case. Polycrystalline samples were also
tested and agaln the power law was most appropriate, with
the constant taking the same value as for non-basal
deformation. On comparing their results with Wéertmann"s i
(1951 a. 1957 b.) theoretical expressions, they were unable
to distinguish between dislocatlion c¢limb asnd motion controlled!
by a Peierls forece, as the rate controlling process.

When Rigsby (1957) tried deforming single crystals -

under a hydrogtatic pressure, he found that the only”éffsc%
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was to change the effective melting point. This result
is very interesting if that of Tamman .and Salge (1928) is
also considered. |

Although the above experiments have all used a
constant load to deform the ice specimens, eongtant strain
rate studies have alsc been made. Using this metnod‘
Wakahama (1962) found that:-

e=al6=¢ )3
(vhere & is & constant andS, 1s the critieal stress)
could be¢ used to predict the steady»state atress for a
given strain rate, and estimated that the critical stmss
could not be greater than 200 gnm w‘c/»::m2 in sgreement’ with
Steinemann. When he tested specimens that were orienised
so that basal flow could not cceur, he fcmmx. that he dié
not observe any surface features tm"cil fracture startéd.
Thus assuming that there is a three-dimensional network of
dislocations present in ice and that the non-basal ones
are immobile, he was able to explain all his observations
using the resultant Frank-Read sources.

Using:e

o = ke B
(vhere m and n are indices and k is a funetion of
temperature only) .
Readey and Kingery (1964%) succeeded in predicting both
thelr transient and steady=-state curves. The value of
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the index "m® was found to be unity, but that of index
"n' varied with increasing strain from 2.5 0 1l¢5 =
probably as a result of changes in the dislocation nete
works. The existence of such changes wag confirmed by
the increase in the density of non~bagal dislocations
during deformationy; which they detected by chemieal
etching. This of course confirms the oversimplification
of Wakahama's model. |

From their resulis Readsy and Kingery calculated
that the activation energy of the deformation process was
about 1% Xcal/mole which could mean that the ereation of
imperfections was the rate controlliing prec@ss; Though
this would be necessgary if basal dislocations were eubiing
a forest of non<bagal ones, they do not rule out the
possibility of disleocation climd in VieW‘Of the low value
of n. Their results show far less scatter than previous
vorkers and they econsider that this was mainly due to the
specimen’s being well-annealed (though in another part
of the paper they say it has no effect!) and certain
geometric congiderations. Though sublimation did not
affect their resulls, they did not check whether size
had any or not - and thus the results of Jellinck and
Brill (1956), which showed that size affected the strength
of an ice crystal, are still unconfiimed.
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{N.B. For fubture reference the varlous power laws are

listed in Table 1.2).
TABLE 1.2 ~ The flow laws for Ice.

Workers - | Flow Law Remarks

-]

Steinemann (1954) & =xgh "n". changed its
value from 1.6 to
3.2 at a strain. of

| . , | about 10%.
Griggs and Coles (195%)| e = a(& - bT2)2
Butkovich and o =143
Langauer (1959) T
Wakahama (1962) & = a(§ «6¢)3
Reader gyt nsery B e kedn | e T e

strain Increased.

1.7 Z=RAY STUDIES.

X-rays may be used to investigate many erystalline
features such as symmebry and other lattice characteristics.
However in this section such studies are only of interest
inasmuch as they provide some insight into the way lce
deforms.

As already stated, Glen and Perutz (195%) extended
cylinders of ice axially and studied the tapes that formed.
Though they were able to determine the orlentations of the
planes of these tapes conoscopically, X-rays were reguired

for the a - axes. On using them to compare the orlentaticns
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of the crystals before and after straining, they Pound
that the results were inconclusive and were umable %o
deelde whether o preferred glide divection existed or not.

Although an X-ray plate showed a geries of "smudged"
points with undeformed crystals, this "§umudging® increased
considerably after deformation and in some cases a series
of discrete spots weore superimposed on them. This
"gmudging”" of the spots is called asterism and Glen and
Perutz consider that it shows how the latiice was distorted
during deformation. However the serias'éf:&iséreée'spats
iz vhat would be exmpected if & plle of ice plates of
sliphtly different orientaiions wers X-vayed. Thus' this
may mesn thet the iece had polygonised {(i.e. the distorted
labtice had broken up intc a gseries of peﬁfe@ﬁ crystals,

each of slightly different orientations).

‘So far, any discussion of the work has been of a
rather 1limited scope; the remarks being kept within the
_ sphere of the particular section in which the paper is
referred to. Now in this section it will be extended
‘and the results as a whole will be considered in order to
determine our present gtate of knowledge. Thus it should
be possible to decide what the next steps in the
investligation should he.
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it is now gulte certain that basal dislocation lineg
exist in lece, ag both etching and the study of deformed
specimens have ghown. However there is a distinet
possibility that none-basal oneg algo exigt and may play
an important part in the deformation of ice. Thelr
presence has been revealed by etching techniques which
have also shoun that their density and distribution
changes during ereeva Thus the question of what role
they take during the deformation of iée, mugt be angwered
as soon ag possibles Ig i1t a purely passive one?
Wakehama 18 evidently of this opinion for he argues that
%hey just aet as pivet points for the Frank-Read aources.
Sinilarly Readey and Kingery believe that a forest network
is formed by them which has $o be éut by m@éing basal
diglocation lines.
~ However, suppose they take an active role by actually
méving on nonebasal planes, This idea is not so implausible
as 1% at first appearé for not only has prismatie glide
actually been observed by Gold, dbut such a mode of
deformation will probably be reqﬁired to explain the
results of certain workers such as Landauer and Butkovich.
Indeed this could account for the variety of power laws
that have been proposed to predict the creep of ice and
also resolve the discrepancy between the results of Gold

and Steinemann, Further evidence for them taking such an .
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active part may be provided by. the wavy nature of the basal
glip lines and the hardening that Higashl and Sakal detected,
vhen they tried reversing the direction of motion of a grain
‘bounda?y several times.

0f course,; if they do take this active role; the question
of glide plenes other than basal ones arigses - ag alse does
the reason for the absence of hardening thet might be
expected when dislocations on these planes interact with
others on the basal onese It would be a great help in
deeiding what these planes actually are 1f a propey
explanation of the eteh chamnels was forthecoming. Further-
more the oxistence of two types of basal slip bands reveals
that even pure bagal slip mey not be as simple as at first
appears, and their relative ilwportance in defoymation musy
be resolved as soon as possible.

S0 far no-one has suceesded in proving that there is a
preferred glide direction in the basal plane and Barelay
Kamb (1961) has shown theoretically thabt, if a power law
is applicable, then it should be impossible to detect this
directly by stressestrain measurements. This leaves Z-rays
and etching as the possible techniques and, as Glen and
Perutz have shown that the formey is very diffieunlt, one
hopes that refined etching techniques will be successful,.

If a definité value for the activation energy could

be determined, this would be a great help in declding vhat
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the rate controlling process is. However, though the
valus of 1t Keal/mole appears quite frequently in the
literature, until the question of the creep law is
rosolved, this will not be possible. In fact, if nom=basal
glide 1s relevant,this value may vary congiderably =
depending very much on how the speeimén ig geformed. I
is interesting ¢to note that such a variation has actually
been observed by Higashi and Sakai. Though this waé the
specizl case of grain boundary motion 1%t makes the possibility
well worth considering.

The nature of the unusual form of stress-optical
effect reported by liakaya remaing obscureé. I this counld
be gtudled wore thoroughly. & new te¢hnigue for use iﬁ ths
investigation might beecome avalilable, for it could give the
stress distyidbution in a crystal at any instant. Thus the
stresses reguived to make certain processes occur could be
determined more accurately and thils would be a great.help
in deciding what the rate controlling mechanisms are.

So fay the question of purity has not been taken very
aeriously, which is rather surprising when the scatter of
resulis and Truby's observation are considered. This must
be thoroughly studied as it 1s quite possible that the
presence of impurities affects the mode of deformation
guite yadically.

No reference vo either transient oy poiyerystalline
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ereep has been made in this chapier. This is qulte
intentional as the situation is complex enough without
introducing unnecessary complications at this stage.
It might be argued that only o distorted picture will
emerge from the relatively speclalised fleld considered.
However i% 1s felt that until the parameters for this
are mown, the introduction df further unknowms will

only succeed in obscuring the former still more.

1.9 AIMS OF THE PRESERT WORK.

It must be quite evid@ﬁt fzom the preceding discussion
that, although much is slready known about the defermation
of single erystals of ice, a'gyeéﬁ deal of quantifative
work has still ¢o be done. Ag:a preliminary %o this
some procedure must be séﬁ up for preparing single crystals
of ice of any vroquired shape. Furthermore 1t should be
possible to contrcl the puwi%y of these crystals quite
precisely (i.sc. of the order of ppm) so that the effects
of impuritiés can be investigated. Another point that
migst be considered ig the internal damage sustained by the
specimens during their preparation, as this ecould change
the form of the dislocation netwozks and so alter the |
mode of deformation., Thus it seemed quite logical ¢o
devote the first part of this investigatiah to setiing

up sueh a system.
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Having done this, the next step was largely a
matter of preferance. However, as the optlcal changes
that oceur in a deforming erystel had not received
much attention, it was decided %o investigate these
in both pure and doped crystals. In doing {his,
surface changes were also studied as the same pilece

of apparatus was guitable for both investigations.
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CHAPIER 2,
- - PRODUGTION AND PREPARATION OF
2.1 INTRODUCTION.

SINGLE CRYSTALS OF ICH.

At present, mainly due %o the scatter in,experimental
results, it is impossible to say ﬁhich, if any, of thevmany
ereep laws is the correct one, and as this relétion might'
enable the activation energies associated with the various
modes of deformation to be determined, the situation must
be remedied as soon as possible.

" Though there are many possible sourees of this geatter,
the most probable intrinsic ones seem to be - the age aﬁd
impurity content of the ice; ‘the method used o shape the
ice., These will now be considered in turn.

As both the arrangement and movement of dislocations
are altered by the presence of impurities, variable purity
content must lead to scatter. This view is supported by
the results of Truby (1959) who showed that the density of
dislocations could be changed by doping the ice.. Furthérn
more, the results of Readey and Kingery (1964%), who hgve
published the latest paper on the deformation of ice, show
less scatter than those of previous workers, and the main
precaution they took was to use pure water in growing their
specimens. So it seems reasonable to conclude. that to .

reduce the scatter in the results of an individual worker,
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the inpurlity content must be kept Fixved; while to
explain some of the scatter between different workers,
the. effects of impurities must be studied.

METHOD OF SHAPING. |

Stresses are present when an ice crystal is machined
and thus dislocations and other imperfections must be
introduced. As thelr number and form must vary, this
leads o scatier - though for a particular wcrker‘%his_may
be negligiblie. - Thus %o make the results‘ﬁf various workers
more compatibie, its effect must bé studieﬁ.andbperhaés the
easiest way would be to test specimens, which had been
thermelly cut, at the onset and then see uwnat difference
machining makes.

AGE.

Due to relaxation phenomena, the way a bleck of ice
deforms may depend on its age -~ though this might be hard
to detect if the time scale were too long. Thus, though
age may not be responsible for the scatter_in the results
of an individual worker, it is probably very relevant,wﬁan
the results of various workers are compared as their
specimens will have come from many different sources.

In addition to these intrinsic sources of scatter,
there may be extrinsic ones due t¢ such things as eccentrie
mounting of the specimeng in the apparatus. Thus it is
evident that the problem of scatter is quite a cdmplexﬂoﬁg
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which will reguire further work.

In this Chapter a system of preparing single crystals
will be described which is believed to form a good basis
for this study, and in later chapters some consideration
will be gilven to i%, though 1t was not the principal con-
sideration of this work.

2.2 WATER_SOURGE.

The system for producing the water used in the crystal
growth apparatus is deseribed in this section. Wo meantion
of impurity contégt is made here as it is felt that such an
Important tOpic-réquires o separate section.  (See Section
2.6).

The distllled water used for growing the ice crystals
came initially from an aluminium sti1ll and was purified by
passing iﬁ through the system shown in Fig. 6. ‘The ion
exchange column illustrated in this figure was an Elgastet
Major Type BLOM/CON and consisted of a mixed bed resin,
vhich was éontained in a "Plexiglass" cylinder. On
emerging from this column, the water passed through a |
"Wulcathene" conductivity cell so that a rough check on its
purity could be made and then its particulate content ﬁas’
measured by a light scattering device with a pyrex cell,
'before it finally arrived at the outlet. These variocus

parts were connected by polythens and pyrex tubing, and the
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maximum £low rate cbtained was about 36 litresshour.
2.3 GROWTH TRAME.

| Though the simplestvmethod of obtaining single crystals
 is to eut them from é pelyerystalline bloeck, this is not
very'Satisfactory due to the variable stresses that exist
between grains, and the assoclated relaxation phencmena
that occur when the crystal is separated from the block.
Furthermore, owing to the great affinity of grain boundaéies
for impurlties, controlled doping is well nigh impossible.

Thus it is better to use a method which produces cne

crystal at a time, and satisfies certain other regwirementss- .

(1) The water put into the frame must be kept pure.

(2) Controlied doping of the crystals must bs possible.

(35‘The gtresses acting on the crystals must be kept
to a minimum,

() The érystals must be uniform and large enough -
for the experiments. |

0f the many methods described in the literature, that
used by Jaccard (1959) seemed the most suitable and so. a
modified version of his eryostat was built. This is shown
in Fig. 7 and it ean be seen that it consisted of four:
parts = a cold resevvoir, a heater, a mould and a systéﬁ
for lowering the mould. These will now-bé considered‘in

tuTrhe
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THE GOLD RESERVOIR.

The ¢old reservolr used in this frame had to satlisiy
the following requirements:=

(1) I% had to havé a thermal capacity large enough
for its temperature t0 remain stable despite the hea£
evolved by the growing crystal and variations in the
amblent temperature.

(2) In order that a high temperature gradient could
be maintained between the heater and the eold reservoir,
the cold region had to start suddenly and not fluetuate
during growth.

{3) The actual temperature of the maln body of the
reservoir had to be low enough for ice %o form easily.

From the diagram it can be seen that tThe reservolr
conslsted of a large tin can full of a liguid, whose
-level was kept below that of the liguid contained in,the
aluminium cylinder inte which the mould was lowered. in
this way both a steble interface and a large Thermal |
capacity were obtained. Furthermofe, by using a 1iquiq K
good therma2l contact was always maintained between the
mould and the cold reserxrvoir as it was lowered into the:
gluminiun well.

The cryostat was kept in a refrigerator to ensure
that the ambient temperature did not vary greatly.

However, the cold reservoir had to be further cooled t&'
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about -25°C by a Townsen and Mercer Laboratory Refriger-
atvlon Unit to satlsfy the third reguirement.

THE HEAT ER’»

Prom the diagram it can be seen that the heater con-
sisted of an 2luminium cylindsr, with “Kumunal® héating-
wire wound on it and lagged wlth asbestos coxrd to reduce
heat losses. -By placing a thin asbestos sheet between the
heater and the c¢old reservoir, any direct heat exchange
between the two was prevented. Thus a sharp and stable
temperature gradlient was cbtained between them - especially
as air circulation in-ﬁhe heater vas retarded by.keeping
the clearance between it énd the mould to a minimam.

THE MOULD. .

The mould, in which the crystals were grown, consisted
of a length of nylon tubing vhich was closed at the top by
a perspex plug and at the bottom by & plece of machined
perspeX. This had been turned %o terminate in a'narrew
capillary and a small cavity was obtained at the end of
this by fixing a perspex cap to it.

The method of filling the mould with water is showm
in Flg. 8. When the water had been run through this
gystem for about ten minutes, it was switched off and the
mould sealed with a small perspex plug and the cap. In

dolng this, carve was taken to ensure that no alr was
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trapped in the eapilliary or the small cham’ber9 as othervise
the frame would not have worked properly. The mould was
then suspended (See Fig. 7) and lowered slowly through the
temperature gradient into'the ¢0ld reservoir. As this
~oceurred, polyerystalline ice was formed in the small
chamber but the small digmeter of the eapillary allowed
only one of the many dendrites to pass through it to ﬁhé
main chamber. It was essential that this occurred before
the 0°C isotherm reached the main chamber as otherwise £he~
water in this chamber might have nucleated, To ensure this
‘the length of the caplllary tube, the'tempéraﬁure:of_thé
reservoir and the rate at which the mould was loweved, were
adjusted to appropriate values.

When the single erystal had started to grow iﬁ;ﬁhefmain
zéhamber$ stray crystals had to be preVentgd Prom férmiﬁg and
so in setﬁing‘up thls system the following pointé were ‘taken
into accountse .

(1) The probability that an lce crystal will fbrm 1n
supercooled water depends among other things on 1ts volume
and - temperature. T Thus the larger thls volume and the ;Qwer
its average temperature the more likely it is to nueleate.
These two points had to be borne in mind when the growth
frame was set up, as otherwise stray crystals formed.  One»
consequence of this was that the rate at which the mould

was lowered had to be kept less than the rate at whieh'the
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ice could grow, so that the ice-water interface did not
lag increasingly behind the 0°C isotherm. This would have
led to an increasing volume of supercooled water and hence,
ultimately, to the formation of stray crysfals.

(2) If the thermal capacity of the cold reservoir had
not been large enough to absorb the latent ﬁeat developed
by the growing erystal, with negligible temperature changes,
»Tts average temperature would have risen. This‘would havs
lowered the rate of growth of the crystal and hence‘increased
the volume of supercooled water. Furthermoere, the temper-
ature gradient would also have been reduced and this aiso
would have led to an inereased possibility of stray
nucleation. (See below).

(3) If the temperature gradient at the interface was
too shallow, the latent heat evolved could not be removed
guickly enough and so the thickness of the layer of super-
cooled water inereased. Furthermore, with a steep temper~
ature gradient even a short distance represents a 1arge
temperature change and as the growth rate office:incregses
with decrezasing temperature, it becomes increasiﬁgly mbre
difficult for the ice~water interface to lag behind the,
0°C isotherm. Thus by using such a gradient, the prdbability
of stray nucleation was reduced. ’

(%) It was essentlal to keep the ice-water interface

convex towards the water, as wlth a conecave one not'bnly was
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the supercooling Ehereaséé by the curvature, but any
stray erystals tended to grow into the main crystal. -
In actual practice, the desired shape was attained by
balaneing the temperatures of the hot and cold regions.

(5) The inside of the main chamber had to be smooth
s0 that the possibility of it nucleating stray crystals
was low.

Because of the low value of the parti%idn coefficiant9
the concentration of gas in the water increased as the
crystal grew and if it became too high gas bubbles formed.
Ih order to aveid this, care was taken when loading the':
moulds to ensure that the gas and dust content were kepl
te a minimum - the latter because dust particles can |
nucleate gas bubbles. By taking these precautions, the
probablility of gas:; bubble formatioﬁ Was reduced»to-almést
zero exeept at the top of the crystal and’so the liquid
3id not have to be stirred. This was fortunate as.-the
vater above the heater was frozen (see Fig. 7) and so

some difficulty would have been experiencedd

PURITY .-

In his review of the princ¢iples of solidification,_
Tiller (1963) discusses the solute distributions that
arise frdm,variqus freezing conditions. One of these
was Partial Mixing, wvhich he defines as ﬁheAcase when
the solute distribution in the liquid is affected by
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both diffusion and convection, and it is this one which
seems to £it the experimental set-up most closely.
Furthermore the growth frame operated as a Zone Refiner
(owing to the frozen ice above the heater) and so it
follows from his amalysis that the solute distribution
along the'erystalﬁg length should have been failrly uniform
exdept at its ends. Thus these were always diébardedu;

The crystals were kept pure by completely enclosing
the liguid in the mould and yet a2t the same time there
were facilitles for doping. Unfortunately some of the
liquids used In the cold reservolr diffused through the.
nylon and this led To contamination. Thls caused trouble
and is the reason why the liquid used in this resezvoir
vas not mentioned in the appropriate seetion. This and
other aspects assoclated with the purity of the érystals
vill be discussed in Section 2.6.
| THE MOULD LOWERING SYSTEM.

As shown in Fig. 7, the mould was suspended from two
lengths of linen thread and was lowered at about 1 micron/sec.
by a geared douwn synchronous motor. -

GONCLUSTON.

It 1s evident from the foregoing that there are mghy
factors to be considersed in operating a growth frame‘aﬁd
for success a certain amount of luck ls required. The

actbual frame used in this investigation gave about two .
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good crystals out of a possible three per Tun.

2.4  THE SHAPING OF THE CRYSTALS.

One of the aims of this investigaticn was %o reduce
the amount of scatter between the cerystals and, as
machining introduces variable numbers of dislocations,
this method of shaping was not considered suitable. The
only way of doing this without introducing disiocations
‘is by melting and so 1t was decided to cut the specimens
thermally. With this technique it vas wore difficult to
avoid mounting them eccentrically in the apparatus bub -
the maximum errors were calculable. The other method
would be to actually grow the crystals to the required‘
shape. However this was rejected; as quite apart-from~%he
problems of stray nucleation during growth, considerable
thermal stresses must arise.

EXPERIMENTAL TECHNIQUE. - ,

Single crystals, in the form of either'réqtangular,
blocks or cylinders, were required in this study and the
procedure used to obtain the former was as followsie .

(1) A cylindrical single crystal of ice was
dlametrically cut into two parts, with a thermal cutter
made of Kumunal heating wire (Fig. 9(a)), after a check
had been made to ensure that the plane of this eut was of
the required orlentation. (The Universal Stage was used
for this).
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{2) A rough rectangular shape was made on one of
the exposed faces with the brass bloek shown in Fige 2(b) =
which was initlally at room temperature.

(3) Thiéﬁblock was then cooled until its temperature
was just above 09C and the erystal again placed in contacﬁ-
with ity so that further melting occurred. However thié
time it was very much less, and after any'trapped air
bubbles had been removed, the ice was left in contact with
the brass so that this film of water could refreeze. (See
Fig. 9(e)).

' (%) When thls freezing was complete, the excess ice
(shown sheded in Fig. 9{c)) was melted away and a rectangé
ular specimen obtained by placing a glass slide on the
block as showm in Fig. 9(d) - whilst teking care {0 ensure
that no air bubbles were trapped in the water between the
slide and the ice.

(5) Vvhen it was completely frozen, the ice was removed
by slightly warming the brass block and a check was madé to
see that it was still a single crystals

At any temperature the best surface for nucleating
the growth of an ice phase in supercooled vater is ice
itself - though as the temperature falls an inecreasing
number of foreign bodies may serve as nuelel. Now the
water present during thermal cutting vas not only close

to the freezing polnt but was also in contact with ice, and
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so wes nucleated by it. The new ice formed from this wabter
was a continuation of the nucleating single crystal ahd,so-
the erystal of the desired shape was obtaineds In this
connechion it should be noted that if the thickness of the
water between the brass and -the lce was too large, stray
erystals and air bubbles were liable to occur. This follows
diiectly'frcm the discussion in Section 2.3.

2,5 DETERMINATION OF THE ORTENTATION QF.GBYSTALS;

Ice is a uniaxial substance and so the orientation of
its ¢ - axis may be determined optically, but not the |
orientation of the & - axXes. X=-rays or eitching cculd,give
‘heir orientation, bub it is ektremely difficult o ob%éin
accurate results with elther technigue and so it was
decided only to {ix the ¢ - axis,unless experiméntal
results showed that this was not sufficient.

A Universal Stage without hemispheres (See Fig. 10) |
vas used. %o deterﬁine the orientation of the ¢ = axis..
Foll details on the use of such a stage are given by
Langway {1998). He also includes a correction table in
this paper which allows for the refraction of the light as
i1t passes through the specimen.

With the a2i1d of this stage the angles ﬁ?ﬁﬁethe Onticﬁﬁi
axis makes with the face of the crystal (gz) am%( with theou\’ne Qu@am
long side of the vectangular specimens (g7 ) were determinedo :
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However in the case of these specimens the angle thet

the optic axis made with the compression oxis (g) wag

noﬁ equal to go but was given bys=
cOS g = cos gy ¢0S gy {See Fig. 11}
(This equation is derpived in Appendix I).

2.6 PURITY.

The observation thab alcohol could penetrate nylon
tublng led to the serious consideration of the p0351b11ity
of the ice crystals belng contaminated, as tThe llqu&d used
in the cold reserveir was aleohol. An idea of the extent
of this contamination was obtained by measuring the organie
carbon content of the specimens with the oxidatlion tenhniqae
of Momtgomery and Thom (1962) and the results are given in

Table 2.1,



Fig.11 Angles associated with rectangular specimens

(a) Typical specimen

(b) Figure used for andlysis
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TABLE 2.1 _ORGANIC CARBON_CONTENTS |

Nature of Sample Organic Carbon Content

Ice grown with alcohel in the
cold reservoir 1293 fay o]

Ice grown with pafaffin in the
eold resérvolr \ > 10 ppm

Ice grown with caleium chioride

golution in the cold reservolr 2¢3 ppm
Water from the lon~exchange column 0.1 ppm
Water held in the mould at 209C 1.1 ppm/day

Water held in 2 mould which was

halfd immersed in calcium

chloride solution at 20°C 2.0 ppm/day

It can be seen that the ice specimens contained about
g hundred wimes more cavbon than did the pure water. In
order to reduce this the aleochol was replaced by paraifin
as 1t is less soluble in water and not so volatile aslthe
former, However it can be seen from the table ﬁhat-this
did not improve matters = probably for three reésons;~ ,

(1) TNylon is not impervious to paraffin.

(2) Paraffin tends t0 creep over any body that is

partially lmmersed im it.
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(3) The soclubility of paraffin in waber lies
between O ppm and 50 ppm and so is not negligible.

As most organic substances suffer from'similar
defeets; 1t was decided Yo try a salt soluilon instead.
Though beth ferric chloride and calcium chlcoxide are
suitable, the former attacks tin and g0 a solution of
2 kg caleium chioride/gallon of water was used. With
this solution in the cold reservolr, the organic carbon.
content wes reduced by a factor of five and fur%he?moré,
a flame photometer test showed that any caleium contame-
ination was less than 1 ppm.

The flame-test seems to show that the organic eoné
tamination 4id not arise from the calcium chloride
solusion. This is not unreasonable, as though such a
solubion could give the required contamination, there
must be water on the other slde of the nylon and, as
calciuvm chloride solution (unlike the organlcs) did not
ereep up the outside of the meulds, there was only ice.
In fact all the organic carbon observed could be derived
from the nylon tubing and so 1t seems reasonable to con-
clude that this wasg the maln source.

The water obtained from the still had a parviculate
content of between 30 and 200 particles per cc, depending
on how much water had passed. I% was to conserve this 

that the enclosed mould loading system shown in Fig. 8
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was sebl up. This seems to have heen quite Successful
as the particulate content of the lece was undefectable
with the apparatus available. Whether ﬁhis,zgsuiﬁ_msans
that the growing lce surface rejected particwlate matter
or resulis from the 1limltations in the experimental
~téchnj,que,'.is impcssibl@ 4o decide at present. .
 According to the manufacturers, the ovukput from the .

iqnlexchange column should not contain more than 1 ppm-
of nonmﬁolatile matier and most of this should be pyrde-
genic oxr colloldal. Both the scatiering the organie
carbon content measurements seem %0 agree with this.

Neutral gases, such as nitéogen and oﬁygenglpass
straight through the columm and their presence wag cone

1rmed by the occurrence of air bubbles in some of the

)

ice specimens. Not being a neubtral gas when invsolmtion,
eérbsn dioxide is vemoved by the lon exchange columh.

' Bowever 1% seems likely that more diffused in from the
atmosphere after the water had 1eft the column asie |

(1) The pH of the ice specimens lay bebween 5 and 6
" (i.e. 1t wms slightly acildie).

(2) A graph showing the decay in the pH value with
time had a time congtant vhich was about right for the
"diffusion of carbon dloxide in water.

~ (3) When flow was stopped the resistlvity of the
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vater fell from about 2 x 107 to 10% okm cms.

So 1t seems reasonable Yo conclude 'tha"c the ice
specimens contained negligible impurities apart f;ccm:—-‘-‘
(2) Titrogen, oxygen and carbon dioxide.

(b) &£ 2.3 ppm organic carbon from the nylon
‘tublage |



CHAPTER/3.
SURFACE FEATURES DEVELOPED DURING THE DEFORMATION OF ICE.
3.1 INTRODUCTION.

When & body deforms topological changes often ocecur,

and by studying them information on the way The deformgtidn
occurred may be obtained. Thus, for exsmple, it may be
possible to ildentify the active glide elemenits by noting
the orientations and forme of the slip lines.

This extremely useful technique has been used quike
successfully with ice and the main resulis have been dis-
cussed in Chapter 1. However, though many interesting
effects.have been reported, some of thelr asxplanations
are rather tentative and it was-in the hope of improving
this situation that the experiments described in this
chapter were carried out.

This work has been divided into %wo sections. The
first part deals with direct observation of the surface
during deformation; while the second reports the
quantitative measuvements of slip band spacings that
were made with the aid of a replica technique.

3.2 THE SURFACE CHARGES RING CREEP. -

In this section the results of the study of the

surfaces of defoxming single crystals of lce are described

and it should be noted that many of these have alrgaéy‘been
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repovbed by other workers. DHowever, they are considered
to be worth describing as (a) the ice specimens were
single crystals. of known purity, (b) the stress was
relatively uniform, and (e) the resolution obtained was
better than that of previous workers - so enabling the
phenomena o be studied in more detall than had been
pessible before. Furithermore, some ingtances of "non-basal'
slip were observed and as this is & rather important topic
at present, any information on 1t is valusble.

302.1 APRPARATUS AND TEGHNIQUE. -

The experiments were carried out in a2 cold room in
which, due To the air clreculation caused by the Tan,
unprotected ice surfaces evaporated quite gquickly. Further-
more, owing to the small rédii of curvature of any topqlogu
ical fealtures developed duxing deformabion, these evaporated
Paster than the surrounding plane surface and so were erased. |
To prevent this the specimens were imnmersed. in paraffin |
during the experiments - ice belng only slightly soluble
in it. R

As may be seen from Fig. 12(a), the rectangular
gpecimens, which had been cub from single crystals of ice
and frozen intc brass caps, were stressed between two kﬁifa
edges by loading a beam. Any deformation was measured with

a serew micromeber, using a babtery-laup circult to show

vien contact had been made between it and the beam. (This
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Fig.12 Apparatus for optical studies

(a) Stress systems ( front view)

"\ Pivot
QL »
X | _ _ X
] r7—n — Knife edge .

_’_—_// _ .

_ —] Specimen
- 7 = v
. / Paraffin Load

— | Lzd Metal cap

- — — | 94— Perspex side to box

L ;g:;,..———-——- 'O’ Ring sedl

(b)- Optical system (top view)

Strain free glass

/ \
/ \
\

O

/

/ " Perspex

) Specimen
Telescope Auxillary  Analyser Polariser ~ Condenser Lamp
“lens '




is shown quite clearly in Fig. 13).

By surrounding the specimen with a rectangulayr box,
1t was possible to keegp it immersed in paraffin during the
Tun and se prevent evaporation. As may be seen from Filgs.
12 and 13, this box consisted mainly of perspex except for
tuwo faces of sirain-free glass through which the specimens
were viewed. These were necessary because the crystals
were examined between crossed polareids, and perspex, being
a uniaxial substance, exhiblis an exbinction position
gimilay to thalt of ice.

With the aid of 2 condenser lens, the specimens were
illuninated with either sodium or mercury light and studied.
through the telescope barrel. This had & X100 vernier
micrometer eyepiecee and & 50 mm objective dbtached, and
gave quite a high magnification. However lowver magnific-
ations coulid be obbtained by placing an avxlliary lens
between it and the specimen. This 1s the arrangement
shown in Fig. 12{(b).

Ae the same piece of apparatus was also used for
studying the optical chaunges that occur during creep, a
polariser and an analyser vere included. Each of thesé .
conslsted of a piecé of polarcid which had been sandwiched
between two pieces of strain-free glass, mounted on & gear
wheel and fixed so that they could be rotated together
without being uwnerossed. Though facilities for uncrbsSing






72
or rema%ing the polaroids were provided, these vere not
used very often as any surface feabtures could be seen mors
clearly by reducing the light intensity. Another sechaique
that was used %o throw them inte relief was to alter the |
relative positions of the lamp and the condenser lens.
3.2.2 SURFAGE CHANGES ON A SINGLE cﬁzs’fm,

Thies sectlon dlscusses the features that develop on
the surface of a single crystal and the nsxt (Sec%ion.3@2;3)
refers ﬁ0~the changes that occur in the ?egion df a graﬁm
‘boundary. |

When a load 1ls applied to 2 single epystal of ice, 1%
suffers the usual elastic defbrmation_and then praeéeds to
¢reep at &n increasing rvate, This Yereeping' ig achieved by
extengive glip cceurring on a few preferred planes which
may be deteched by the ridges thet form where they intersect
the surface of the crystal, provided the strain is-great
enoughe

Using the apparatus just deseribed,single crystals‘of
ice were compressed by stresses of various magnitudes and
thelr surfaces studled during the actual deformastion. It
was found thats provided ithe optle axis of the speeiﬁen did
not make t0o great an angle wlth the surface, lines parallel
to the basal plane were eventually formed. Typicel examples

of these basal slip lines are shown in Fig. 14 and it can be
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scen that they have the following properciesse

(1) Some are more prominent than others.

(2) Their spacings are not equale

{3) They are able %o curve when necessary. (See
Fig. 14{(a)l.

The first property 1s rather interesting, as though
it may not mean that Rigsby (1957) was wrong in assuming
that all the active planes start slipping at the same
instant, it does show that some slip more than othersc‘
This wag guite unexpecited as the stress was qui%eAuﬁifbrm
over the area studied, but probably resulted Ifrom variatic é
in the distribution of forest dislocations. These eeuld
vetard slip on sonme of the planes besides pyevgn ing it
on obhers., However this snd the unon-uniform spacing wzil
be considered more fully in the latter part of this ehéptero'

Often, in regions vhere the lattice was curved, shoxt

lines perpendicular t0 the basal plane were also present. s

Some of these are shown in Fig. i%{z) and it can be seen
that they have a symmetrical appearance. Furthermore,
though not parallel to each other, they are all perpendicular
to the basal plane and so must follow the curvature of the
lattice. Thus it seems likely that they are small angled
grain boundaries = similar to thait shown in Fig. 5.

In Fig. 14(b) some more non-basal lines are ghown.

These are also perpendicular to the basal plane but differ
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from those just diseussed in certain important aspecis:-

(1) They do not have a symmebtrical appearance (i.e.
the surface on one side of a line is more blurred than that
on the other).

(2) By following alternate basal and non-basal lines
1t 1s possible to trace a number of prominent zig-zag-lines
across the specimen.

These facts seem to favour them belng some form of
non-basal slip line, which of course means that.non-bésal
glide‘elements were present durlng creep. Although it‘is
impossible to identify these for cerbain, thé angles_between
the two types of lines are what would be expected if basal
and prism planes were involved and so the dislocations
probably hed g or ¢ Burgers vectors. (See Figs. 3 and &),
However as the nonwbasal glip lines always terminated‘bn
active basal cnes, the g Burgers vector seems mos v 1ikely
iés this would give simple cross-siip. This phenomenonswas
only observed on a few.occasions and in all cases the:
resolved shear stress was higher than usual = being about
1.kg/bm2 instead of 0.5 kg/em?. However there was no.
Jvisible stress inhomogeneity which.means it may occur :f
more often than Gold (1962) has suggested./ In faet: theée
:observations would be more in accord with Tegart's (1964)
theory of a higher critical stress belng assoclated with
ﬁhe formation of non-basal slip'bandso. It is possible’that
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the reason these experiments did not reveal their Dresence
on more occasions was because grain boundaries formed
before the slip bands were detectable. (See the next
section).
| On two oceasions non-erystallographic ridges formed
on the ice surface shortly after increases in the applied
stress. These were quiteirreguiar in both form and spacing-
and were probably cracks that arose because of the sudden
stress change. ' |

Finally, it is intewesting to note that no difference
bebween the behaviour of pure and impure crystals could be
detected, even with regard to cross-glib.

3.2.3 SURFACE CGHANGES AT A GRAIN BOUMDARY.

As deformation proceeds the total length of the dise
location lines in the specimen increases enormously. This
ieads to a significant inecrement in the value of its |
internal enevgv,due %0 the interactions bebween these
dislocations and their stress fields. - In locéiise& reglons
the energy may atiain such a high value that the lattiéé
is able to reduce it by allowing the dislocations to arrange
themselves in ordered patterns. This "orderiﬁg" of the
dislocations often involves olimb and so the internal
energy has to be quite large before this can occur. (i.e.
The single crystal must suffer a certain amount of

deformation).
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If this "ordering" is sufficiently extensive, & grain
boundary will form (see Fig. 5 for example) and, as the
lattices on either side of such a boundary will have
slightly different orlentations, this means that the
original c¢rystal has been broken up into two. Once present,
such a boundary continues to.atiract dilslocations and so,
as deformation-proceeds, the difference in the orientation
of the two graing will increase.

Ice is 2 uniaxial substance and so if a single erystal
is viewed between crossed polaroids, no light will be trang-
mitted if its principal axes-are parallel 4o the transmission
axes. This fact may be used to detect boundaries bebween
grains of different ovientatlons as Thelr sxvinction
positions will not coincide. Thus one graln may be "blackeds
out” while the other still transmits some light - hence
enabling the exact position of the graln boundary to be

found. With ice this was by far the most satisfactory way |
! i

of doing this, ag thoughgrooves can form which trace their \

locus, these are not only hard to detect but also infrequent.i
| When single crystals of ice were alloved to creep under

a_coﬁsﬁant load, grain boundaries were often detected after

a certain amount of deformation. Thelr formation wa.s uéually

followed by an increase in the strain rate,with the result

that the specimens collapsed - often with the formation of

further grain boundsries. Such specimens were invariaély
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kinked and not necessarily in the plane of observation.

These grain bounderies did not follow any delinite
crystallographic orlentations and though some were straighﬁ,
just as many were curved. Thus it seems 1ikely that nou-
basal dislocations were necessary for their formation. _

A pieture of a grain boundary is given in Fig; ik and
it can be seen that on this occasion it is marked by a groove
which could arise either from displacements of the erystal
latihice or else. f£rom ebching by the paraffin. ©Slip bands
are also visible and these clearly show the difference in
the orientations of the two grains. The extensive.distértion
of the lattice, shown in this photograph, wes 1ot cbserved
on every occasion but confirms the high state of in%ernall
stress that must have existed prior to the formation of the
boundary. Dark bands parasllel {o the boundary are also
visible but these are an interference effect which will be
discussed later. (See section 4.k4),

Thus it seems that as the single cerystal deforms a
nigh state of internal stress builds up, which is often’
relieved by the formation of a grain boundary. A4s a ﬁesult
of this the erystal is able to deform more esasilye

It is convenient to point out here-that.there'was~ﬁo
detectable difference in the way these boundaries formed iﬁ
impure crystals from that in pure ones. However, as eniy

qrganic impurities were present, this may not be generally
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true as the internal energy of a erystal must depend on
the impurities present.

3. 2.4 CHANGES THAT OCCURRED AFTER THE LOAD WAS REVMOVED,

Although no changes in the specimen’s appearance were

normally seen if it was left in position with the load .
removed, on two occasionsg recrystallisation did oecuz. -
This was detected with crossed polaroids and was to be
found neaxr the base of the specimens in the region wvhere
ice had accumulated during deformation. .(See section %;3).
The individual crystals were quite irregular in shape and |
dlid not exbend across the full width of the specimen - uvnlike
the grain boundaries described in the previous section. As
thie phenomenon has already been extensively studied by
Steinemann (195%(b)), no further comments will be made here,
except to point out how This confirms the increase in

internal energy that must result from the deformation.

3.3 SLIP BAND SPACINGS.

A study of the literature revealed that the only-
measurements that had been made of the spacing of the basal
slip lines were by Wakahama (1962) and that these were not

very satisfactory for the following reasons~

(a) His measurements were only made at one value.of

stress. : :
(b) He quotes no spread in values vhich disagrees with

results already reported in this thesis. (See Section 3.2.2);‘
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(c) His exbrapolation formula is purely empirieal,
“takes no account of possible impurlity effécts.and~was not
tested experimentally. '

Thus there was no alternative but to determine these
values experimentally as not only were theylrequired to test
a theorebical explanation for the Interference Bands (see |
Section 4.5) but they might show how impurities affect the
deformation of ice.

3.3.1 APPARATUS AND TEGHNIQUES.

As the slip bands could not be resolved properly without

the use of a microscope, the apparatus deseribed In Seetion
3.2 was not suitable. This meant that the specimens could
not ve studled directly, because the smzll working distance
left no veom for a paraffin container. An attempt o over-
come this difficuldty by mounting the specimen on the |
horizontal stage of a microscope failed, because any sufface
features were erased by the lnevitable movement of the .
paraffin.

When ice is immersed in 2 solution of formvar in
ethylene dichloride for some time, any surface irregularities
are removed by its etching action. waevér, if the specimens
| are coated with paraffin before being put in the formvar, . §
dissolution can be prevented because paraffin reacts with |
the formvar to form a protective £ilm. Thus, by ensuring

that the specimens were covered by only a thin layer of
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parafiin, it was poésible to obtain a formvar replieca of
the surface without etching having occurrsd.

Rectangular specimens, which had been cut from single
erystals of ice, were used in the experiments. These were
frozen into brass caps, which had knife edges atiached %o
them, and stored in paraffin until r@qu;rad. As not all
the cut jece was reguired for this, it was p@séible to use
a piecé of the excess for debermining the orientation of
the ¢ - azlis in the spezsimens.

The specimens were stressed in ‘the apparatus shown in
Fig. 15 and it can be scen that this is essentially the‘same
as that used in the Optical Studies except that the container
was made of brass and there are no optical atbachments.

When necessary, the deformation could be measured with the
vernler scale shown on the left of the photograph.

The brass eylinder held no liguid vhen the specimen
was first mounted in the apparatus, as about flfteen minutes
had to be allowed for the excess paraffin vo drain off. If
this had not been done, the film would heve been too thick
and so the deformation of the specimen might have been -
impeded. After this the 6% formvar solution was added and
the run started. |

At the end of the allotited time (usually about a week)
or sooner if it had collapsed, the speecimen was removed and,

after the excess solution had been drained off, it was 1eft
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8o that the remaining film couwld harden. This took aboud
24 hours. The replica films were then separated from the
ice, with the help of a razor blade and some water, and
. mounted on glass sliaes;

These slidas.were silvered at & small angle to the.
normal with Alumingf'so enabling the spacings %0 be measursd
vith a microscope using vertiesl illumination. The actual
measurenments were made with a vernier mlcromeber sys-plece
and a %typical replice is shown in Fig. 16,

3s3.2 SOME. PBETQFIF,EX REMARKS ON THE TREATMENT OF
TEE RESULES.

A% this juneture it is convenient Yo make a feow intro-
ductory remarks on the treatment of the resulis. .

Fig. 17 shows a typleal sei of results, which were
cbtalined by measuring the spacings of the siip bands on a
silvered weplica (See Fig. 16). It can be seen that the
values exhibited a considerable spread and so il seemed
logienl %o displéy this on a histogram - the readings being
divided into the largest number of classes that would give
a sensible graph.

Although the mean spacings were calculabed fromlthé
readings in the usual way, only a rcugh measure of ﬁhé :
spread seemed necessary and this was obtained by calculating
the root mean square deviation using the classes. WUith

veference to this last step, it should be notsd.thaﬁvthé
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Fig. 16
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Fig- 17 Typical set of results
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mean was represented by the cilass in which it fell.

The resolved shear stresses on the basal plane were
calculated from the total applled compressi#e stress in the
_usual\manner by multiplying i% by‘tﬁe function "Sin g Cos g®
(See section 2.5)., This angle was;éubject to an error of
ébout 240 and it is this error which was used in plcttiggi
%he resulis.

| 3.3.3 THE RESULTS. '

The variations in the spacings of the slip bands for
'any»Sp@cimen are illustrated by %he two- higtograms vhich
‘are plotted in Fig. 17. These are quite typiecal and show
the asymmetrle nature of the distribubion with the mean
value lavariably lerger than the mode. As these were whe
only feabtures common %o all the distributignss the failure
of abtempts to 1t Poigson and Gaussian Distribution Gﬁsvés
to the resulls is hardly surprising. 4

A1l the restlis obbained are plotted in Fig. 18 and
the number of readings on vhich each point ds based is
inseribed on its right hand side. It can be seen that the
Ypoorer® points do not noticeably disagree with those
‘based on a large number of readings.

Figs. 18(a) and 18(b) show the way the slip band
gpacings vary with resolved shear stress both for pure iee
and for ice contaminated with paraffin (the resulis haﬁing

been corrected for the inclination of the basal plane to



Resolved shear

stress in grmwi/em?

87

Fig.18@\Variation of slip band spacings
with stress for pure ice

Reciprocal of slip band
spacings in microns !

A
900 |
600
430 \
54
/ 256
300 | 251
146
387
L6
5
0 ' J]———’—"""T/ i » { L
0 02 04 06 .08



Resolved shear

stress in grm.wt/cm?

900

600

300

88

Fig18(b) Ice contaminated with

A - Paraffin
r—
30
29, 146
200,23
[16
&
1000,35
200,100 o
' Tay\Ol’ 0934) :

e 1 : | ] ] >
0 02 04 06 08

Reciprocal of slip band
spacings in microns™



89
the surface)., Although tThe spacings sesm t0 decrease with
increasing stress, they show a considerable spread and, at
lovw stresses, unusually fine spacings aré somebimes reébrdedc
These readings show that the appsratus would have been quite
capeble of resolving such spacings had they been in any
prominence on the other specimens,

A film 6f sclid formvar invariably formed at the air-
formvar interface and, though it was kept flexzible by coating
it with ethylene dichloride, the actual resolved shear .
stresses must have been slightly smaller than those quoted.
However the ervor introduced cannot have Leen very large as
the £film could not even support the unloaded beam, and even
hanging weighte smaller than the usual 500 gm wis. from the
beam., did not produce unusual results. Furbthermore this
error cammot account for the ancmglous plots at low sﬁréssesg
as it would bave tended t¢ increase not decrease the
spacings of the slip bands.

Ixcept for the number of anomalous plots at lovw
stresses, no difference could be detected between the two
sets of results for pure and impure specimens (compére_
7igs. 18(a) and 18(b)). This may not be tyue for all
contaminants and it would be interéstimg to repeat the -
experiments with ice which had been contaminated with
caesivm fluoride, as this was the compound that affected

Truby s (1955) resulis.
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3.3.% DISCUSSION.

In addition to the actual results, two straight lines
ve been plotted in Fig. 18. The one labelled Wakahama
(1962} is a plot of the relation he proposed in his paper:-

(S = 200).d = k.5 seseasses (1)
(vhers & = applled shear siress in gus welem2; 4 = silip
band spacing in em@)o
It can be secen that for stresses in excess of 200 gm wﬁ/bm
the values predicted by this formula are quite a good gulde
%0 the experimental cnes - though sometimes ﬁhe slip 5ands
were elosex togeﬁﬁéz than predicted. Furthermore; ag some
of these points were obbained with stresses that were
smaller than the minimum velue Wakahama says is required
for slip, the question aridses of just what eguation (1),
meanse.

A possible answer to this problem may be found in the
literature on the deformation of metals. Thus, Andradaian&
Roscoe-(lQS?) found that if the surface of a deformed metal
was examined uﬁder an optical microscope, irregularly ;
spaced slip lines were seen. However, at higher magnifice
ations, more finely spaced ones became visible and thesgA
wore quite regularly spaced. In the case of lead, ﬁhej ,
succee@ed in measuring these spacings and thelr frequency
plot is a normal Caussian one. Though this is quite
different from the skew plots obtained with ice (Fig. 17),
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there was a tendency Por the mode and mean to be closer
together than usual with the anomalous pointg. (i.e. Those
with smaller spacings than usual).

With metals, the spacings of the regularly spaced slip
bands can usually be quite well represented by the folliowing
formula derived by Taylor (1934):e

&4 = 0,16Ga
{vhere G = shear modulus; a = lattice parameter).
If one assumes that & = 4, 54° (Barnes (1929)) and that
¢ = 10 %0 dynes/em® red. (Dorsey (1940)), then in the caze .
of ice this becomes:s

G ed=OT2 seccsccnssccososs (2)
This equation is plotted in Fig. 18 (see line marked
Taylor (1934)) and it can be seen that, though the anomaious
points are in quite good agreement with 1%, it predicts
values that are much smaller than those obvained from
equation (1). |

Thus it seems that one normally measures the coarse
slip band spacings and that these are guite weil'represenﬁeﬁ
by Wakahema's formula. However, at low stresses theAmoxe
finely spoced slip bands were sometimes detected and their
spacings lay clogser to the values predicted by Taylor,;”u
Thegse were not detectsdd at higher stresses probably bégéuse
the minor topologlesl features due to them were compléﬁély

masked by the more prominent coavrse glip bands. It is
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interesting to note that Muguruma (1963) may have
deteeted both types of band at the same time during

his etching experiménits.
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CHAPTER L,
THE_OPTICAL CHANGES THAT OCCUR IN. TCE DURING ITS DEFORUATION.
4.1  INIRODUGLION.
When Idkaya (1956) studied some of his specimens -

between crossed‘polaroids,he observed some rather complex
interference patterns. These were very similar %o what:
would have been predicted by photcmelasﬁic-theary; bgtﬁ§s
no stress was being applied vwhen the observation wasrméde,
this cannot be the full story (sce Chapter 1.) |

| As no other workers had reporbed this effect, it was
Gecided to try and detect it again in order %o elicli® its
true nature, and it was hoped that it might provide a new
$001 for studying the deformation mechanisms in iece.

. Several otheg effects have been obsgerved during the
COurée of this investigation, vhich have provided some very
interesting information on the way ice deforms. Though thése
are &escribed in this Chapter, the mathematics necessary for

their explanations is rather complicated and so most of i%

has been put into Appendices.

As the same specimens and apparatus were used for both
this study and that on the surface changes that ocecur during
creep,; very few comments are necessary because full details
have already been given in Section 3.2.1. Howevei, it mﬁst
be stressed that in this case the specimens were illuminated
by a parallel beam of light. |
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Both the opticael arrangements described in Sectiom
7 !
302.1 were used as gome effects reguived a close-up of
certain regions and others required a general view of the

entire specimene

4.3 TEICKNESS CONTOURS.

Jce is a uniaxisl substance and therefore exhiblts the
phenomenon knovn a2s Double Refvaction. .As the theory is
glven In many standard texts (see for example Jenkins and
White (1953)) it vwill not be reproduced here. JAny unusvsl
fsecets of the optical behaviour of ice will be considered
as they arise.

Before discussing the effeet known as "Thickness Con-
tours"® in this Thesis, one point‘must-be setiled,. In
general, every beam of light that is ineident on a block
of uniaxial moterial will divide in%o twe beams durin
tranemlission and often the angle between these tma‘is
appreciable. However, it is shown in Appendlx II éhatg
because the two principal refrasctive indices in ice‘are'ss
nearly equal, the ordinary and extra-—ordinary waveé may be
considered to travel along the same paths. |

In Appendlx IIIB the intensity of the light‘emergihg
from an optical system, which consists of a pilece of.ige
Asituaﬁed between two erossed polaroids, is considered. It

is shown that this intensity 18 zero not only when the
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transmission axes of the polaroids are parallel to the
principal axes in the ice,but also when the optical thickness:
of the specimen has cerbain values. If any part of the
specinmen is of this thickness, it will remain dark no matter
how the crossed polaroids are rotated. |

Such regions were often encountered with specimens in
which the optic axls did not meke too great an angle withl
the surface. When the optic axis is almost direcied towards
the observer the difference in the two rvefractive indlces
is 50 small that the minimum thickness reqﬁi¢ed for the
effect to occur (i.e. the distance, %, wvhen m = 1 in
equation (3) of Appendix ILIB) is greater than any 1ikely
thickness variatilons. If these are assumed to be about
1 m.ms then they become smaller than the theoretical
minimum thickness when the optic axis makes an angle which
is greater than %2° with surface of the specimen.

The existence of the effect was confirmed by deliberately
contouring a specimen by pressing a vwamm plece of metal such
as a ball bearing into the crystal. Fig. 19(a) establishes
this phenomenon quite well as not only do the dark lines in
the ﬁhotograph follow the expected contours and do not move
as the polaroids are rotated, but the diameters of the
circles agree quantitatively with the calculated values.

This effect has been treated in some detail because 1%

revealed an important change that occurred as the specimens
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deformed. It was found that in reglons vhere prominent
slip bands were visible, the intensity of the light dimine
ished often practically to zero (see for example Fig. 19(b)).
As the aveas remained dark even when the crossed pglaréids
were rotated, a change in the thickness of the specimen

must have occurred there (see Chapter 5).

4.l INTERFERENCE BANDS AT GRATH BOUNDARTES. .
Some dark lines may be seen in Fig. 14(b) which féllow
the contour of the grain boundary. It was pointed out in
Section 3.2.3 that these wers an interference phenonenon
and disappeared 1T the polaroids were vemoved. As the
crossed polaroids were rotated they moved and there was an
dpt;mum peeition of the microscope barvel for them %a.ba
seen most ciesarly. However these bands were not observed
at every gfain boundary, nor were they always so regularly
spaced. ‘
Anotﬁer example of these bands 1s given in Fig. 20(a),
and Fig. 20(b) is a schemetic cross-section of the sSpecimen
in the vieinity of this boundary. It can be seen that the
optical model used in Section %.3 must be modified in sﬁch‘»
regions by replacing the single crystal of ice by two |
gimllar ¢rystals of different orientations and thicknesses.
This system is analysed in Appendiz IIIC and it can be seen

that the oubtput Intensity depends on the optieal path
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lengths in the two crygtals, thelr rvelative orientabvions
and on Ehe setting of the crossed polaroids. Thus, beczuse
the optical path lengths vary as one GT@SSEM the grain borud-
ary, an interference pattern will be cbserved and uhis wiil
change as %the polavoids ave rotated. Furthermcreg such
bands will only be seen if the overlap of the tTwo grains 5*
"visfible in the microscope (i.e. h # 9C°) and so the feilu ale
to cbserve them at 2ll grain boumdarlas is guite und@? b mém
ableo o

This explamaticn of the interference bands was checked
gquantitatively with boundaries which only involvsd kinking.
in the pilane of the specimens. In such instanceg the value
of fige® did not change for either grain and 20 the prk neipsd
vefracitive indlces could be czleuvlated. By using thess, the
experimental values of "&" and "h", and equatilons (%) and (5)
of Appendlx IIIC, thsor eblcal valuves for the spacing of the
fringes could be calculataﬂ and compared with the neasures
average spacings ob ;ained with one or other of the two grains
blacked=out. The results of such exercises are shown in
Table %oi and it can be seen that the agreement is qulie
satisfActory.

The last two columne of this table gilve the differences
in the orientations of the tw grains as measured fram thelrp
extinetion positions amd from the change in direction of fhe

slip bands in crogsing the boundary.. Yhen inking Occuys-ln



TARLE Yol SPACINGS OF INTERFERENCE FRINGES

Type of Ice | Theoretical ' Measured Difference in| Change in
- spaclngs spacings extinction Direction of
positions slip bands
Contaminated | 8. 9x10~3cns. | 8. 31;10';3cms° 1.0° (4’7 w J)0
wikh alcohol | 503x10=3cms. | 5.3x10=3cms. 330 (i = 2)°
0 3,0x10°2cms. | 3.2x10-Zcms. 110 (6213
Conteminated | | |
with paraffin | 6.2x10-2cms. | 6.2x10°2cms. 10 (7 21)°
Pure 1.7%10"2cms. | Y.9x10~Zems., 52 (b= 1)
° 2 x 107%cms. | (2t03)x10-2ems. 50 (6 + 1)°
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the plane of the specimen, these will. agweag a%mgwwmaa
ANV Y.  However, provided the diserepancy is small,
this will not af ffect the agreement between the two values for
the band spacings, as "n'® is not a very gensitlve funcbion
of go (where ¥n'® is the exbra-crdinary refractive index).

The analysis shows that vhen one of the gralms is

blacked out, the specing of the bands depends only on the
variation in the optical path lengbh in the other graius.
Thus a boundary such as that shown in Fige 20(b) will have
uniformly spaced bands assoclated with 1t beeaﬁsé hit 1g
constant, while that shown in Filg. 20(e¢) will exhibit |
ifregularly gpaced ones. This means that vhen the observed
bands were erfatieall spaced, the value of "h" must have.

varied frowm point to point.

L.5 THE INIFRFERENCE BAIDS.

R o x e P

~ As 1t way provide some valuable information on the
mechanism by which ice deforms, the effect deseribed in this
secﬁion is considered to be the most important one to emsrge
from this investigation. TFor the sake of clarity, the
section is divided into two parts = the first describes the
phenomenon; whiie the second discusses its possible

explanation.

5.1 THE. PHENOMENQE.

Some derk bands can be gseen in PFlg. 21{(a) which ave
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pproximately parallel to the basal plane. As these dise

{1

appeared when the polaroids were uncrossed and changed 4o
faint coldoured fringes if a white light source was used,
5ﬁhey must have been an interference offect df 8CMme TYPE.
Farthermore, these "Interference Bands" moved as The crossed
polaroids were rotated and were only visible when the
specimen vwas nearly blackedeout.

In addition to those just mentioned, the Interference
Baﬁds exhibibed the following qualitative propertles:-

(1} The Interference Bands appeared after a finite
deformatbion, which varied fyrom specimen to specimen - buk
yas usually smaller than that required for slip bands tm‘
be abgerved,

{2) Though thelr visibllity varied, the Bands ‘ended
%o become move distinet as the deformabion of the specimen
increased.

| {3)  The Bands were not distribubed uniformly across
2 gpecimen = being most prominent in regions vhere slip
bandg finally developed.

(%) Though no instanitanecsus change cculd be debected
1f the load was removed, as time passed The Bands became
less distinet and on occasions they actunally disappearedé

- (5) Somebimes the spacing of the Bands was rather
erratic and on two occasions forking was observed. However,

these effects seem {0 have been due o variatliong in the
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thickuess of the specimen as by deliberately contouring
the ice, the Randg could be . made to change divection.
(Fig. 21(b)J.

(6) On crossing a grain boundary, the Bands changed
direction and, if the intewference effect deseribed in
Section M.b was alse presemt, a cuvious erosswhatehing
ensued. (Fig. 21 (e)).

{7) The Bands were present even if the specimen was
not immersed in paraffine.

By photographing them, the spacings of the.Bands were
measured and it was found that for any specimen there was
quite 2 spread in velues (i.e. the Bands were not equally

gpaced). Within the limitations imposed by this, 1t would

Y]

ppear that the Interference Bands have the following
guentitative properties:-

(1} TFor a given specimen, the spacing of the Bands
was independent of time, strain, orientation of the po]a oids
and the wave length of the 1light. used for their observaiion.

-{2) Altering the stress &uring a run produced no -
detectable change in the sgpacing of the Rands.

{3) The probability 0 observxng the Bands seemed to
depend on the angle &2 Lha the optic axis made with the .
suvface of the specimen. Thus it can be seen from Figalze
that they were not likely to be detected when g2 was neay

0% or 90%, (Table 4.2). T% can be seen from this Table



Fig. 22 The occurrence of the interference bands

A
g
. O
g0’ 20 000 8 ©
T, ©
©'& o
0 Co
40 -
@O o
Oo O ! ] |°
o 30° 60° 90
do
A
g
80°—o OOO 5 o 8
O OOO(SJ'
© o}
40 F © o
O
O° | 1 Jo
0° 30° 60° 90
gs -
A
g
5 %0 0 © °
o it 4 .
80 3 OO O O
1 o9 o
40°
. |
o . o
O° { 1 J

92

105

Pure ice

Ice contaminated
with paraffin

lce contaminated -
with alcohol

O No bands
O Bands observed



106

that the winlmm value of go depended on the purity of

the iece and could net be Tized very accurately.

TAELE , ko2 The smallest values of gp ab whxch interference

Ponds wereg uuba?}v 8QEN.

Type of Ice . : Velues of gy = gg}d
Purg 157 - 20°
Iee contaminated with alcohol 0% w359
Ice conbaminated with pavaffin 20° - 229

H@we%e? direet“experimenﬁa? evidence fo th@ @Lis cence
of such a minimum angle vas prwvideﬁ Qy ceruaih spscimens
vhich kinked and in so doing ceused gp %o chapnge from a
velue that was larger. than b@)d to one that yah sma¢&ef
(or vice versa) - with the vesult that the Intepfevenca
Bands elther appsaved or disappeared. »

(%) The spascing of the Bands did not seem to depend
mueh on the applied stress {(Fige 23).. |

{5} The spacings of the Bands tended to decrease
with decréasing g (Fig. 23).

%,5.,2 POSSIBLE EXPLANATIONS.

Thig phenomenon appears to have two possible explan&
ations and these will now be considered in tumie~

{a) Graln Boundavry Hypothesis.

Ag the similarity betuween these Bands and those.
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Fig. 23 The dependence of the

spacings of the interference bands
on gs.

(The two curves show the variation
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encountvered at some grain boundaries (see Section Yol) was.
aulte marked, it seemed loglcal o try and explain them in
terms of lattice dlsorientations arising from ths defozme
ation of the crystal. Having accepted this as & premise,
the next step was to decide on the orientation of the
boundary across which such a change occurzed, and as %the
mterference Bands wevre invariably parallel to £he basal
plane, this seemed to be the only reasonsble cholce. _
However, for interference bands %o be seen at ordinary grain
boundaries, the graing had to have diffevent extinction
positions, which means that in this cazse the elements muxé
be rotated with respect to each other aboubt an. aY¢s iying In
the bagal plane. As the lattice will be congiderably dium

vorved by This, the actual angle of twist will be small &nd

80, assumlng that This was true, the resuliing optical system
ig analysed for a simple case in Appendix ILXIDs

The model chosen congists of 8 pilée of ice plates with
successive disorientations of *-?f? with reénect to the
mean exbinetion position and though very simple, th'bit
most of the features associated with %he‘lntegference.ﬁandse
(See Tables A.2 and A.3 for the relevani equabions and |
Fig. 27(a) for a schematic diagram of the model):=

(1) It can be seen from Table A.2, that apari frcm‘-
the usual extinetion poslitions and thilckness conbours, eaeh

point on the surface blacks-out at an angle Sy (see Table
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A.3 and Fig. 27(b)) which is neariy st the exbinetion
rosition (because p ls assumed To be small). As the value
of this angle is different at different places ohfthe surfaca,
an observer will see a sevies of bands., parallel to the basal
plane, whieh wmove as the polaxoids are rotated and are only
visible near an extinction position.

(2) The larger the value of @gs the sasier it wiii be
o detect Tthese bands as the rest of the surface will appeny
lighter. Now the values of ., ave proportional o P
(see Table 4:3) and, as %his'inereasés as &@fdrmaﬁion PED-
ceeds,the Bands will appear after a finlte deformation -
possibly before any slip bands can be seen.

{3) Although the Bands will first be scen at places
vhere ©o is largest (l.e. at points such as L and ¥ in
Flge 27(b)), Tthe extinetion posltions corresponding to
X, X%, Y1, Y0 ebe. will become detectable as deformation
proceeds, The Bands at X' and X'°® evec. will have finits
widthe and =o will probably overlap = thus improving the
visibility of the Interference Bands.

(%) ALl the values of O, depend on the total
retardation, & (See Table A.3), and $o any thickness
changes will alter the % - value corresponding o & givenﬂé§go
Thus forking, erratic spacing and changes in direction when

the surface is confioured, are quite naturally explained. :
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(9) If the directbilon of the basal plane changes acrogs
a grain boundary, the Interference Bands will algo change
direction snd may have the interference bands associated
with such boundaries superimposed on thea » 1f these ave
present (i.e. "Crogss-hatehing” wlil occurj.

(6) £As paraffin is not an optically active liguid,
the Bands will not be affected by ibe presence.

(7) The work of Higeshi and Sskai (1961) has shown
that graiﬁ'ﬁoandaries in ice do no%t bresk up inso Sube
boundaries unless the disorientation ig about 10°. &91?
never attained values of this order, the original boundaries
are quite capable of containing any deformation thad odcgr@ea
and so the spacing of the Interference Bands {(vhich in the
cagse of the model is egual o Twlece Tthe thickness of the -
constlbuent plates) would not be expected to depend on<sueh
factorsg as time, strain, or stress changes - especlally asg
the ordinayy grain boundariés would form long before this.

(8) If it is assumed that the double bands at X!, Xot
etc. caunnot be resolved, either because they overlap or
becanse the corresponding value of G, 1s too close to the
extinetion position, then, for the simple model chasem,;the
spaéing of the Interference Bands wll be 2s8f. " Thus by
extending this argument it can be seen that an lce speclmen
with & pericdicity of "n" (the simple model had one cf 2} 

will have bands spaced at inbtervals of fnsiv,
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It can be seen from Fig. 2W(a) that the angle thé
¢ #.axis makes with the surface “gaﬂ, will determine the
observed spacing t¢ some extent, and so if this spacing is
"nd!" when go = 0 then for other values of gy it will be
glven by:- |

ng? = n%:,é*’
cOS go

Thus the spacing of the Interference Bands will
decrease as “go' —% O.

(9) As “go'" —> 90° the ice becomes increasingly
isotropic and so all the retardances tend to zero (i.e.
do"_@‘a ete). Thus the Interference Bands will disappear.

(10) The disappearance of the Interference Bands at |
sméll angles of "go"y though not entirely unexpected,
cannot be ezxplalned so satisfactorily. With the model
chosen, the Bands will disappear when the number pfrplaﬁes ;
1g less than two, Unfortunaﬁely; for the thickness of ice
used in the experiments, this gives a cut off at aboub 50
compared with the experimental values of about 15%,
Inereasing the periodiecilty of the model wouid not improve
this situation as the effectlive value of “n" ywould only be
reduced as”ggi—%ro. This means that althiough the positions.
of the Bands might change, they would disappear 10 sooner.

- Fow the actual Interference Bands were found to be |

about 0.1 mm in width and, as Yns*" must be greater than
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this for them to be resolved, this is probably the reason
for thelr disappearance at small values of Ygu". The
exceptions to the disappsarance rule would then have heen
due o the bands heving been Finer or further aparb.

(11) It can be seen from Figs. 22 and 23 %hat the
spacings of the Interference Bands were greater tham those
of the siip bands and seem to be independent of The stress.
The model predicts that the Interference Bends will be
further apart than the slip bands, but as they were noi an
integral number of slip band spacings and did not vary
regnlarly with the resolved shear stress, The boundariss
cammot hﬁve'fofmed‘across gvery active slip band. Without
more date, it is im?ossible to make any more comments except
to point out that their formation would seem 0 have depended
on the|pu§ity of the iceo

~ (12) During %he optical experiments; tuo FUNNers were
used to keep the ice holders aligned and so the applied
stress was not purely compressive but of the form showﬁ.in‘
Fige. 24(b). This system is quité_capable of causing
rotation to ocecur about an axls lying in the basal plane 5
and so the formation of the boundaries, required by th@A
model, could have occurred. Furthermore the degrée of
rotation at each boundary has only %o vary about.a mean
vaiue for the Interference Bandsto he formed.

Experimental evidence for this rotation was provided



by the change in the extinction positicon as defovmaiiocn
proceeded - 1t became less sharply defined and the
extinetion positions at the top and botiom often differed
by a degree or tWlo '
(13)‘Finally'%he formation of coloured fringes in
white light is to be expected as @il the retardances depend
on the wave length of the light used. Thus for a given @ g
the value of % will vary with wave length éseé Figo 2?{b))u
This hypothesis is quite capabie of pyedicting]ali the
experimental fgatures.af the Znﬁerference Ban@gfamdii£ ig<
therefore reasonable to suppose'tha’ $11% boundaries mish
form during the deformation of lce.
| 1f the existence of the tilt boundaries is aceepled,
the questlon of what disglocation networks are reguired for
their formation arises. This guestion is answered i
Appendix IV and it can be geen that %o are nacessary. 'The
firglt is hexagonal in-formvand-consis%s of oydinary basal
dislocation 1ine swith g, Burger's veetors - this gives the
twist component. However, the tilt component requires bhasal
dislocation lines with Burger's veetors hsving a g component.
Furthermore these must be active as P'changes during the
course of deformation, and this can only be achieved by
moving them closer together. In practice they will probably
be zig-zag in form (not siraight as shown in Flg. 28(4)) as

'they will have to compromise between a decresse in energy
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vhen they lie in potential energy wells and an increase if
their lengih increases as a resuli of this {see Read (1953)).

Such networks inevitably involve a considerable dise
tortion of the labttice and o it is hardly surprising that
'the Interference Bands tended to disappear when the stress
was removed. Incidentally this sometimes cccurred after.a
conventional grain boundary formed = probably due to this
vrelieving most of the stress.

(b) Stress-Ontical Rxnlanation.

Although the explanstion just given geems able o
explain all the sxperimental obgervations, it might be
argued that some form of slress-optical effect could also
do this. However it will be shown below that thisg 1s aot.

- the case. ‘

The inhomogeneous distribution of internal stress that
results when & crystal i1s plastically deformed, may be
studied directiy if it is transparent and exhibits a photo-
elagtic effeet (Nye (1949, 1950)). If this is the origin
of the Interference Bands then, as no part of the erystal
normally remained dark for all orientations of the poléroids,
ﬁhéy must be isoclinies. (H.B. Izch isoclinic traces the
locus of all points with a particular extinction position).
However this is not compatible with certain experimenial .
resulisse |

(1) Yo matter what the value of the applied stress,



the Interference Bands could only be delected near
extinction positions. Thus, if they are lscelinics, this
means that the directions of the principal stresses were

always very close to the natural ones in ice. Thls does -

not seem very likely. fiy“

{(2) The stress distribution would e exmpected Lo )
exhibit the same periodicity as the slip bands, but
Fig. 23 shows that the Interference Bands vereinvariably
further apart then the actlve glide planese |

{3) As inhomogeneous internal stresses must exist
near & grain boundary, it is surprising that the Interference
Bands only appear to change direction in crossing such
regions = isoclinics would be medifisd.

() lve states in his papers that the stress-optical
effect is most easily seen wnen the acitive glide planes
are viewed edge on (adjacent planes not overlapping). How
ever the Interference Bands were not cbserved 'when "go'
became small.

(5) UWnen the surface of the specimen was conﬁouyeﬁ;
the Interference Eands changed direction vhereas isoclinies
would not have been gffected.

In view of these facts it seems reasonable.to conclude
that the stress-optical effect is incapable of explaining
the experimental resulis and so cannot have been the cauge

of the Interference Bands. Fowever, it must be emphasised
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that ice does exhibit s sirvess-optical aifsct -~ though
(

Lo THE STRESS ~OPTIGAL FEFETECT.

6.1 THE PHEHOMENON.

One of the alms of this investigabion was to study the
‘gtress—opbical® effect reported by Nekava (1956). This
phenomenon proved %0 be extremely elusive but was finally
~observed when the épecimen wvas viewed along the optic axis
and subjeeted to an inhomogeneous siress. The crystals
either had heles drilled in them or else they were notched
on one side. HNo effect was detected when this was not d#ﬁee

In this orientation the gspecimens exhiﬁi%ed very pooxly
defined extinction positions and the effesct manifested itseld
as dark "wipers" which moved as the crossed polaroids were
rotated. On gome oceasions daerk regions formed whieh
remained dark as the polaroids were rotated and which could
not have been thickness contours as ice is alwmost opblcally
isotropic when viewed Iin this direction. They were probably
Isochromatics and the "“wipers" could well be Iscelindics..
(Examples of the experlmentsl features of this effect may
be found in Flg. 25). )

When a8 load was applied to a suitéble specimen nothing
usually occurred at the moment of application - though on

two occasions "wipers" appeared which pilvoted about points
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of stress concentration as the polarolds wers votated.
These were probably due to the velatively high stress
applied in these particular cases.

Then, as the specimen deformed, the variation in The
extinciion position across 1t became guibe lavge and, when
the specimen had & hole drilled in 1%, bove a mavked
r@semblaﬁce to that obgerved with & comparable plece of
perspex. If the load was removed, thepatiern changed
instantanecusly o a fdrm'i% vould have attained had the
load been lef% on and, if it was left off, this trend con-
Sinved - albelt at a slower rate. Raapplying the load
caused an Instantancous ch&nge in the opposite direétiong
though after this the pattern continued to change in the
conventional direction. Repeating this procedure several
times produced the same :cassn;ﬂl:izs'°

4602  DISGUSSION..

It would be incorrsct o describe this phenomenon as:
a photo-elastic effect because the stresses that cauced iv
were only partially elastlc. (A pattern was observed eveﬁA
vhen the appiled stress was éero)a However the stress dls-
tribution must be relevant as an inhomogencous stress was .
required for any patterns to be observed and so the temm
"stress«optical“ effect seems the most appropriate.

A8 the patterns Bore marked gimilarities to the

expected photowelastle ones, they must have depended on
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both the magnitudes and directions of the principal
stresses at various points. This probably means that as
the patterns changed during the course of deformation, the
stress distribution on the basal plane also changédo This
is quite reasonable, as owing to the motion of the dis-
locations, internal stresses must arise, which, when added
to the original elastic ones, change the actual stress at
any point. The instantaneous change in the pattern when |
the load was removed confirms that only part of the stress
was elastic and its:continuing change after this shows that
some form of stress relaxation occurred.

If it is assumed that the birefringence at any point
is related to the stress present there, i1t is possible to
come tO some conclusions about the stress-optical coefifig-
ients. {(The following treatment uses the metheds and
techniques of Nye (1960): the & ; are the components of
the stress tensor given in matrix notatilon).

Referrving to Fig. 2k(c) and using liye's notation,
it can be seen that the stresses acting on the various
planes when a compressive stress, 67 , 1s applied along O%,

are given byse
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6 5 = . (cosotsin g)@ Sy %\'
8o = (sinwesin g_)zégv /5 Compressive stresses
63 = cos? g a1

| eoo (1)
Sy = (gin g cos g sines ) &

6_5 = (sin g cos g cosee )&, Shear stregses
S¢ = (sin? g ginef coses) 65
If B; are the components of the velative dielectric -
impermeability tensor, then in the case of ice (ioéd- Hexo-
gonal symmetTy is assumed) the changes that occur in their

values vhen a stress is applied, aress-

(A8 ) (m, oW, B, . . . ¥%1) s
“By Up By T . 2
By o m, oW om, . . . 63
4B, P .
(’1‘585 - . ce My . Sy
LBg) L e em'ﬂm S

Now the stress-optical sffect has only been positively
identifled vhen the observer was looking along the optic
axis (or very neayr this direction) and so *i;he'relevmt 'par"cés
of the impermeability tensor areldBj, OBy and ABg. These

are given Dys=
&Bl = Wssgl + ‘W\zé’z 2 Tﬂaés

&By = W6, + Wb, + W soo (2)
&Bﬁ = {Wea"ﬁw_:_‘séé
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Tn thig oricéntation g = 90° and so substituting (1) into

{2) givesi=
ABl. = ( ®, coss + 1T, sinof ) 5»,?

ﬁ‘Bg = ( Wn‘ COSQQE, “*+ .ﬁ;}Sm?‘@! ) é}n oew (3)
OBg = (W, =T, )(sinclcosol) &

Now 1nitially B = By = l/hcﬁ (vhere n, is the ordinary
refractive index of ice) and these have to change foxr the
specimen to exhiblt a sharp extinetion position, as oppoéed
to remalning unifermly dazk as the polaroids are rotabted.
Thus it seemg that neither ﬁﬁa noxr i, can be zero =
especlally as isochromatics were observed.

£.Bg is a measure of the degree to waich the extinction
pesition rotates (i.e. 1% follows the isoclinics) and as it
was quite large, i, # T,,.

It 1s more Aifficult to detect changes in other direect-
ions as By and B, are not equal to Bg and so the crystal
already exhibiﬁs a8 sharp extincetien position. Although
rotascions In the extinetion positicon sheuld have been
detectable, nc unambiguous ingtances of 1t were ever
observed, and so it seems reagonable o conelude thaﬁ'ﬁ;Q'
is very small.

Thls conclusion could be in error as on twe oécasians
inexplicable phenomens were seen. Thus Fig. 24(d) shows
part of a single crystal which had g different sxtinchion

position %o the rest of the specimen and, as it had



122

developed during creecp, this could well be an example
of an applied stressing causing a rotation in the
extinction position. (N.B. In this case the optic
axis lay almost in the plane of the specimen). However
it could also be an exemple of badly distorted Inter-

ference Bands'(see-Section Lo5)e
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CHAPTRR S
CONCLUDING DISCUSSION.

The aim of this rather short Chapter is %o colleet and
collate the mzin resvlis reported in this thesis in order to
declde what the nexh steps in the investigation should be.
This discussiocn 1s intended to gupplement, not duplicate,
those already given in various parts_of this work,

Although a great deal of time and effort was éxpended
in perfecting the production and perfection of single crystals,
there is still room for improvement. This might be achieved
by replacing the nylon tubing used in the construction of the
moulds with some other synthetic material that does not "loge"
its softness 80 easily. A suitable substance does not appear
t0 be avallable at preéentg but if in the future one should
be invented, it would be possible to reduce the organic
carvon content of the ice.

The gas content of the ice could be reduced by setiing
up ‘the growth frame in an inert atmosphere. In thils way it
should be possible to eliminate gases such as carbonm dioxide
or ammonla and this would make thé ice more sultable for
electrical studies. ' ,

In principle the most gatisfactory way of shaping ice is
by thermal cutting. However the procedure deseribed in this

thesis will have to be refined before the specimens are "true"
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enough for creep studles. This could be done with a series
of guldes.

I+t seems reasonable to coneclude that, although the
techniques described in Chapter 2 ave the best available at
present, 1t may be possible %o improve on them later, expec-
lally with regard to the points discussed above. When this
is done it may become desirable to determine the orientations
of the specimens more accurately, and Xe-rays wilil probably
be reduived.

Althnugh many of the results on the surfage features
developed during deformation have been described by other
workers, the relatively high magnifications useé have enabled
the features to be gtudied in greater detail than has been
possible hitherto and, as a result, some interesiing quesﬁions
have arisen.

Yor example, are the Tinely spaced slip bands alweys
present? This question may be answered‘by refining the
replica technigue described in this thesis - the thickness
of the layer of paraffin being more carefully controlled.
However, an electron microscope will be required and it may
well be that Mnguruma has already acgqulred the relevant data.

Secondly, what ig the significance of the so-called
neritical" stress of 200 gm wt/em?? The work described in
this thesis has shown that ice is quite capable of creeping

at resolved sheay stresses that are smalier than this. Thus
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it may well be that compressive stresses can aliey the value
of the critical shear sitress {(cf. Tamman and Salge (1928)).
Alternativély, this could be the minimum stress reguired
foﬁ the formation of the coarse slip bands and that there is
an increase in the rate of deformation asscciated with them.

Thirdly, Goes slip sbart on all the planes ab once, or
congsedubively? As ice does not exhibil any herdening, a
metallurgist would probably argue in favour of the former
(gee Barvett (1952)). However as Taylor's formula is only
applicable to the finely spaéed slip bands, this authoy is
of the opinion that although these may gll be actlivated &%
oncey the coarse slip bands develop at varieus stages of
the deformation. This would exzplain thelr lack of uniformiiy.

The work descyibed in this thesis has confirmed that
tuwe types of non=basal siip lines may Jorm on the surface
of a deforming ice crystal - crosge-slip lines and polygonis-
ation boundaries. Thls distinction agiees with that of
Gold (1962), and the X-ray studies of Glen and Peruts (195%}
provide additional evidence that polygonisation boundarieé'
form as a result of deformation,

Gold wag of the opinion that cross=slip wvas a very
unusual occurrence. However, the resulds quoted in this |
thesis seem to show that this is not the case » a large
stress being all that 1s requlred. The phenomenon cowld:

also be due to the motion of a dislocation with a non-basal
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Burger's veetor. If more work is done on thisy it may be
possible to ldentify the actual slip planes involved by
measuring the angles between the basal and non-basal slip
lines for various orientations of the specimen and 8o
diffeéentiate between the two possibilities. Further, if
it is cross-slip, 1t should be poesible to detect some form
of work hardening.

Apars from illustrating the distortion thal cccurs at
a gréin boundasry, thie thesis has shown how ite three
dimensional shape may be studied with the aid of polarised
light. It might be interesting to observe how this changes
with deformation « especlally in a polycrystal.

The Yflow contours® seem to show that during the course
of creep ice is transferred from one part of the surfase ©o
another. Thig may be exbtremely relevant in the deformation
of polyerystals. However, it must be emphasised that thev
same optical effect could be produced by Isechromatics
arising from the stress fleld associated with the coarse
slip bands pres:wmt in %he dark region.

The most unexpected result reported in this thesis is
the formation of Interference Bands. Thelr explanatvion
raises such important issues that much more wozk must be
done on the way their farm and spacing varles with témper-
ature, eppiled stress, impurliies and the orientation of

the specimen., In this way 1t may be possible to relate
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their spzeing to that of the cosyse slip hands.
However, 1f it ig assumed that the explanat 0? given
is correet, then the existencs of active @isiocaﬁzcns with,
non~-basal Burger's vecters follows autqmaﬁieally¢‘ T this
connection, 1t must be emphasised that although the g,véeﬁgr
given In the anslysis seems the most probable, the onl

L,

egsential festure is the non-basal componentb and.ﬁhat there
could be dislocatlons with (g + ¢) vectors for examplo. |
The existence ¢f getive non-basal dislocdations 1s in dlreet
contradiction with Wakehans's model bub may well be able to
explain qema of the obgeure resulis obtained in creep
experimenﬁsa

Although the stress-optical effect was 2 trifle dis-
eppointing, it does provide a mesus of studying the way
stresges on the bagal plane change during deformmetion and
the asscclated relaxzation phenonmend.

Unfb"%un&tely the author did not have sufficient time
to pursue some ¢of the topics ralsed in this Chapier fur%heL9
egpecially the guestions of the active dislocations with
non=basal Burger's veetors and the motion of dislocations
on non-bagal planes. However, in time this will no doubt
be remedied and the auvthor would Tike %o conclude by .
‘proposing tmnroﬁher topics that could usefully be studiedsw

(1} The effeet of impurities on the deformation of



ice especially with regard o changes in its optical
properties and the distridbution of etch pits. A guitable
contaminant would be cassium flvoride as this definitely
affects the distribution of eteh pits (ses Truby (1955));
(2) The deformebion of polyerystals could be studied
bebween eroSsed.poléroidso This could be & rather frpltfol

study now that the basic phenomena have been eluéidatéd,
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RELATTON BETWILEN OREH.OGQWAL ANGLIES,

In Fig. 11 the reguired angle ls "g¥ and the
two orthogonal ones ave ¥gy" and “gy". It can be
seen from Gthis figurve thats-

i

Q7 = 0A Cog g S eee (17

0z = 0B Cos gg,= (0 Cos g&}cga~g21aao {2y .

Thus eguating (1) and {2):=

Cos g = Cos i Cds o
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RBFRACTION OF THDE FITRAm DI{ GARY DAY

emanate I om 8 source of light gituated in lece due to 1ts
being a uniaxial substance and so, when a heam of iight
enbers ib, two plane polaxised beans are formed, vihieh

have their planes of polarisation at right angles to each
other. Using Huveghont's Principie, the two ?ays may be found
by constructing the corregponding wavefronis. The one prlar-

0

iged at right angles to the plane of incidence corresponds o
the spherical wavefront and is ¢alled the Orvdinary Ray; vhile
the other is called the Extra-Ozndinary Rey.

aving located the two rays, the wavefronts of ﬁh@.tw@
refracted beams can be found by constructing the tuo planes
which touch the wave surfaces where they arve intersected by
Ithevrayse ot though the Exbra=0rdinary Ray will n
fnéém311y tie in the Plane of Incidence, both the normals
o the wavefronts always do (sea Flugge) and so referring
;ﬁdgﬁigo.zéﬁb);u |

. If vadius of ordinary wavefroni is "a' then

0B =p = a , Sin »'  and so the cquation of the

oo 5in T
Gangent plene to the extre-ordinary wavefront is:-
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Fig. 26

(a) Wave surfaces in ice shown in two dimensions

-Ordinary wave

Optic axis

Extraordinary wave

(b) Refraction of light at an air - ice interface

Y

A

incident
wave norma

<0
AIR P(smr >)X
ICE

Extraordinary

wave front

. Tangent plane to
Ordinary / extraordinary wave front
wave front .

Ordinary wave normal

Extraordinary wave normal
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& Sin »°¢

Sin 'z - Cogs iy = p = .
Sin
Orem
gin » Sin %
- F e e - ¥ =L oo (1)
a 2 Tapn ©°

Now the eguation

2 <
A AR

¥

of the extre-ordinary wavefront is:-~
2

o i
4]

P
e

3

(5)

b2 b2

when referred 0O

related to

S“

the

Waﬁ'

In this

2

the axes (0X°, OY¥', 0Z%) and these are

the forxmer axes bys=

ol ¥ 1 5 14
X aﬁ an. al'&n
¥ ab; &7.1. ‘ a?&
& y &'52. Zu

vepresent the cosines

the axeg, and so (1) may be transformed Loz
g, Sin © . B, Sin ( L9 e a, Sinr) g
a a Tan »° \ a a Ton !
PR,
m.unﬁﬁzﬁmfg o 8ppBIn TR at oz q ., (2)
2 Tan r!

Let the extra-ordinary ray cui the extra-c
(1 m n):

2t the poind

this point iste

vainery wavelront

The eguation of the tangent plene at

i

(3

of The angles between



133 .
However ¢this is the same plane as that represented by (2)
and s¢ compapring themie

i=(a, = a,Cot r’) 12 Sin ©

L] o
a .
m= (g, = &,,0% ") p2  Sin @ ace (%)
o

o - ! n § 2 i s
n = {a,= a,0ob r') g7 Sinx

But the point (I,m,n) iies on the suvface of the exlra-ordinary
= &,, 00t 21)% b‘“"éan = a,,00% ©f 2

-3 w G@( 3852 m3005992? ;ew : (53

Or lebting {& 2 =1 + & and veing the velationshins that
b

exist between the %atg" {(geec Nye (196)) this becomes:ze-

1 % Goulrt + dla,, - &, Cob :'e’)g
= {1 + d) Cosecsr voe (7)

(1L +al d) cot 2ot o 2 8, 2, 0ot @
Y =3
: )
(L dal - (2 +@)Cosect®) = 0 oeo (&)
b
. o s : ey o D
But in the cese of ice d = 1,68 10 = 2 x 10 and g0

the mazimum values of B, and a, ave unity, (8) becomes:-

CotPr! = 26 a_ &_ Cobt vt = CotEr = 0 cee (9)
S a3 ,
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\5’ .

N

r ve o (10}

2
i Y
ﬂ';!
o2
o)
ek

Mow the maswimum value of » occurs when the incident bes

just grazes the surface and in This cases-

g . x s
n, = 8in 90 (n, = refractive index of
Sim T - ovdinavy vay)
Therefore:=
]
= 0
v, 50%

. -3
Thus (10) reduces to »' = r ag Cot ¥ My 10
and so it may be concluded that the ordinavy and ezbra-
ordinary waves follow the seme pabth through blocks of

ilces
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AP PBEBNDI R EIT.

THE, INTFRACTION OF POLARTISED LIGHT WITH TNT-AXTAL GRVSTALS.

Ae - Mehhod of Analveis.

- By using the cenvem“ion&l method of representing light
waves by trigonometrie funcbionsy it is pmgsible to ecalculaie
uhe oul puz from various optical elements QJGh ag polarigersa
or Linear rebarders. Howsver, excopt for the most simple

systems, this method is exivemely labariz;s and the‘anawéf
ulmaso impossible to interpret physicalli. Fortunately, .
more refined techniques have bean éerclapmé ﬁhiehido~mat‘
suffar»fram these shortcomings.

| £ these modern methods, the one koowun a3 Jones Caleulns
was the mogt sﬁiﬁ&b?e for investigating tno p?@Sﬁnﬁ pfa'lemsg
In i% the incident lighlt iz described by a vociers the optical
device by o motyix and the output is obbtained by~mu1tiplying
the veehor by the mebrix. If the opbical device consists Qf

various elements, the vesuvliant matrin may be computed vy

mal@ipiyan the matrices of the individusl optical ¢ cmponem“s
uogahber in the ovder in which the light passes through f heaum

This mebhod is d“scusseﬁ quilte fully in Shurcliff (?962)
and 8o no further introduction will be given herey as it is
fels that it is adequaliely exwemplified by the analyses that

Follot.
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B, Thickness Contonrsg.

To explain the phenomenon referrsd to in Section_%¢3
as "Thickness Contours! it is necessary to consider a block
of ice of thickness "¢¥ gituated between two crossed -
polaroids, If the X-axis is taken to be pawvallel to the
transmission axis-df the Polariser, then the Jones Vector

of the plane polarised 1light enbering the crystél ig

)

Thus, assuming that the ice acts as a homogeneous linear

represented byse-

retarder of retardance “d" and that ibes fast axis makes én

angle © with the X-axis, the Jones Veetor of the oubput |

from the system 1g given byiew

) = ga 0 {(005298‘% » sinfee ™) (4 I?j;ﬂ?.@i sin d/%) Ns}
o1 [(i sin%e Sin 4/p) (Cos%Be % + sinfe ¢%)f|0

{Analysen) (Ice) {(Topub)
If these are multiplied out, it will be found thati=.

vy = 0 (1)
i .8in 20 Sin 4/ '

How the intensity of the light represented by @& Jones

Vector ie equal to the sum of the squares of its two -
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components {using complex conjugates if necessary) snd o

from (L)s~

& <Y . a b - =
Ty =0 Sin° 28 8in” d/p = & 8in'@ CosG8in dfp oo (2)
This i¢ zero when O = 0 or¥y and, of course, corresponds to

the transmission uxes of the polaroids being parallel to the
¢ransmigsion axzes of the ilce specimen. However it is also

zere vhen &, n & WY {where "m" is an integer) and so ass- . '

d=2¢9% (0¥ wmn ) {vhere n' and n, are the principal
A vefractive indices of -the specimen

and A is the wavelength of the

ineident light)

g = m)\ . oo (3

-
n o,
1§ this relation is satisfied by any part of the

gspecimen, then that part will remain dark even 1f the

polaroids are rvotated, because (3) does not depend on & .
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-G Gradn Boundaries.

A .»'_ﬁam boundary wihdch exhibilts :mtcr"e‘u"e@ee bands
mnéwﬁs of ©yo wedges of iae vﬁfaiéeﬂ one behind the other
‘and having different exiinctlon @i}bl’fyl@‘.mac: 1£ Lhemg“ie

n the matricss reguired

ci'

‘betiveen the tuwe fast. anes g_)
' 50 represent vhe sysben consisting of thesce two wedges

niaced bhebween crossed polarolds will bese

: 1
Jv)ih N o &
0

Tizst _ |(CosTme ™+ s.m?@ ) i 81120 Sin dy

Wedge = ~idy iy
= Sin 26 Sin d.’,& (G@s?@e “er $In<8 g )

| iid

== Y

Seeond __ {'Gosg;(@"l'ﬁ)é%"-“ Sin® (@ "?)@ "'3 i in2{@- ?)Sm ‘fz,;
Wedge == . N
i Sin2@+P)Sin dy (Cos= B+ ?)@ I 8in® (@ 6’)@3 )
e

W a

Analyser z= |0 O == 4
0 1

These m&:b c g follovw from what was said in ﬁppem*i

q

IIIB provided thebt it is remembeved that the two wedges -
bave different thickness, %, and %y and so the retardances:
will in general be different. Furthermore if the fast axis

of the first wedge mekes an ancle © with the ane’iE/’S@"”s
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that of the second will make an angle of (@+H ).

K3

Thus the Jones Vector of the culpil is given byse

JV) = A W W 1

ouy . & B j
0
Orze
TV = 0
- Sin d, Sin &, Sin 25‘@

7 P

ey

2 -2 : 2 2.

Thus he output intensity is given byi-

82
+ (8in gy Cog @, Sin2{@+P) + Cos dy Sin Q’,__'t Sin gf{) |
2 2 )

This iz a rather complex expression end can be most easily
campevci with the experimenisl resutlie by saking two
sp@clal CoLRE S ™

»

1. The firxst yedee ig blacked oub.

In this case @ = 0 and if the second wedge was nob.
present there would be mo output. If this is substitubed

into (1) it becomegie

T Py C“-: Q » @
Tow Joo = S 2p 8T8y e @)
2

+ 1(Sin §, Cos @, SIn2(E+P) + Cos dp Sin &, Sindp)

(1)
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This is zero when either 2p ox .gais equal %o WwW
(where "m" ig an ;?.ntegéz*)o The first case ig btrivial as
1t weans that there :is no difference in the extinction
positions: of the Ltwo g:f’ains‘ which meke up the grain boundary
and so 1t probably would not be detected. With the second

case hoyeverie

dy = » T = 2F %, (nf -n)

*Q0 (3) ‘

o
oy = u,)
As b, will vary along the wedge, this means that a
series of dark bends will be seen. TForthermore 1 the

vedge has an angle of ¥h', the distance between adjacent

bands will bese

(n, =~ 1)

2. The second uedege is blscked oui.

S = )\GC}{" h e » : (l:‘)

In this case @ + @ = 0 and the resulis ave the same
as in secbion 1. exeept that the suffix ¥2Y 1s replaced
by a ¥it®, Thus the distance between adjacent bands

will bete
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S, = JACoth (%
(n] = n,)

Thus in conciusion it may be stated that the
interference bands seen at a grailn boundary will ususlly
move back and forth a2s the polaroids are rotated (see (1))

and their spacing may also vary (compare (&) with (5)).
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Pa.!. .» .! s,

In previous sections of this Appendixn some relatively
simple optical systems were analysed in order to illustré?e
the use of Jones'® Calculus. Howevery both the examples |
given could have been treabed by conventional methods,
though the results would have been rabther uﬁwweldj in the
seeond case. In this seetlon & system is ¢onsidered whicn
could not be analysed in this fashion, and evenr with the -
use of modern technigues, the mathemabics is far fyom
elenentarVe 'Thus the actusl manipulation has been kept
to o minimum s© as not o obscure elthoer the method or

resuld

This explanaticn of ithe Interference Bands is based -

"3.

- the premise that the single crystel breaks up into a

erlies of plates vaich hav ghiwy different exbinction

positions. In geperal thisg is an m&tyem@iy cmmﬁier system,
becatise of the many pezmubations and combinations that are f
possible, and s0 the speclal case of a pile of (n,%ll)
plates with alternate disoxrientations of.+%>(iuea The
difference in the extinetlon positions of successive platos
vas either ﬁp or *7-'(3 ) was chosen. The plates ave si.‘bv.ate&
between crossed polaroide and ave identicsl, apart from

the first and last ones. Thus their »e axdances ﬁve,w



< CT.Q dg '(13\ CECRVOY dy G

6% 13
The Jones® Matrixz of a block of single cryshalline

ice may be written in an slternative form o that teed
previcusiyse

wid

R = (Cfa'sgg@f% + BinBe © ) i 8in2@ Sin 4,

ng

R . Dy 0 o i
i 8in2@ Sin d, (CosBeE + 85090 0B )

5
in
)

§
L
LN
o

=

[}
Py
o
o
s

i « N
s o ‘é}-\
(vhere P = 5 a0
) §
- Cﬁ‘d
0 P
7 .

end 3(8) = Cos® 8inS

analysis as the S(8) Matrices have an imporbant properbtyi-
_ PrO§

8(€) = S(8) = S(&+§) (1)

Thus 1f (o + 1) is an odd nuwber and the fivst vosation

»

.?_s-%’-Pg the Jones® Vector of the oubput from the systen

may be writlten agie
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gv) = [oo E S(-@)P, 5(®))(s ’%.ME:»}PQ(LJ +£3) cove
’}l ) (%S(“““ —:‘ Si&))

o

and P =

.cg o 3
“@‘:" .‘.1&',
£ 8 @ i 0 G %

-2
gv) = fo og (- B, 8(-p)sip) [Ps(-pIPsip)} =2 5() j
E\f& i o

Ry . .
o f s, ’ . . 2 oo o -
The term EPS(m@)P:::é@}E ‘@ may be gvaluated by diegonalising
the maby '%y as is shown in Jomes (1 o), TFurthermore ag ? e
& small quentliy; teorms in g.‘b ER0 neglig;ibim and 80, as the

veal parh of J '36\3"- ig maibiplied by ? 1t does not econteibe

ute to the outpud intensiby which becomes:-

V
1, = Sing Sin2@{Sind Sin2 v 208innd Gos(d,- &,) Cos2@} ..(2)
oy B, %\ 1 TR g }
Cos g,

fwhere 44 = Total rebardence of the pile of plabesle
Thig is zero whente

) = i - Extinction position
&, %, pos

P
LA
S g

& = 25 - Thickness centouv coo -

Tan2@, = -20f sin ‘:’\{%f Cog éﬂ* é

Cos éj& BB\ Sin 4&/

{(vhere "m" ig an integerle
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If {n + 1) is an even nurber the corresponding reswlt is:-

£ %
T = Sin& smz@ésmé, Sinzer 2 gfsmm Costds Sintyd) | Gosa@

OBT - otk ) -xmwa-u
3 3 R oo & B
ewe (}‘!')
and this 1s zero whente
E.= mwy,, - Extinction position
@ o
A= 2mwr - Thicknesg contour
T m ] s Qigj,@ -&}
Tan 280 ?? 1 Go é’ao W mn’ﬁ'b ) cos (5)

Cos &8 X Sm&y&

Park 1L

Having devived cz:';rfeusicmu for the output intensity,
the next step ls 4o use them o predlict how the appearance
of & block of ic¢e will change s the crossed polarolds
are xobated.

Pig. 27({a) shovs part of a block of ice that has &
mean exbinetion position of & = m‘ﬁ; It consists of a
pile of "RV individual plates that are di sorientated with
regpect o each other by -’~€3 and have relardances of
dg, G 5 acey dN, IT all these are equal except for the
firvet and last ones {i.e. d,and 4,) then the basic relations
given in Table A.1 will hold., Purthermore, if "N" is
assumed o be an esen number, then the irér:la‘&:ion of the

output intensity betwsen “A" and "EY {(as a funciion . of
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Fig. 27

(a) lce model for the production of interference bands

l From polariser
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(b) Variation of extinction position with x
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,€§9§>$ﬁkg ¢ and =) mey be caleulated by substituting the
data given iﬁlTable.Aul into the epproprizie fomula

given in Paxt I of this Appendiz. The various Intensity
functions are collechbed in Table A.2 and it can be seen that
they give a contimuous intensity distribuition function.
Apart Trom the usual serc’s of intensity (106@ Extinction
Positions and Thickness Contours), there ave a whole series
of @, values. These are given in Teble A.3 and the way
these values vary with ¥x™ 1s shown schemotically in

Pig. 27(bJ).



TABLE A.1 - Bagic Daba.

Region |Orient-|First |No. of a a - a a. + a
ation |change |plates ! N %= % w3
of lat in
plate |Orient-
' ation
ey ) | 1 ag ( |
¥ o . + N +; dx (43 =) (P =2% a
Se S S S
B(@) |
toC(81) 8- | P N dx A@-(x-5)2 |4@+st=2x) AP+ 4
_ St L 59 ise
¢(8) vo |8+ - N+1 | d(e=s®) a(@-(z=s")) la@-2(z-a')| d
DS j@+0s | - N d(x=s?) a{Prs? A+t - +a
‘i:oé?zsﬂ)l ?/& ¢ P EF ' "‘S"§? o E? é
(x-51)). | 2(xz-s1)) | ®

64T




TARLE Ae2 = The e Tnbensitles.

!5”

Region Intensilty
ta B| I,= 5indSinzd sm& Sin2® + 2?60511% Sin € ap Cos2
2 2 o8/ 25" &
w6 C Eg‘-f Sir?Sin?.@ S:i.r!&S 28 - 2p ..n&m Sm(%&-—l)%ﬂos{ﬁsg g;) Gog2&

. Cos /2

%0 D| I = Sind Sin2® Six\ASinZasE?Cosm%Sin(g@m dx + 4\ Cos2@
3 5 = -y S o
2 |2 Gos @3,@ 231 St

> to E| I = SinASin2@SinASin2@+ S:Li’l&m 81n(N-11g, Cos[ ¢ = dx + 3d) Cos2Q
¥y 3 | 3 e \BS1 5 B
Cos dfs -

———— e

05T



TABLE A.3 - The Values of&, .

Intensisy Values ef‘@o
a dz
: T o= S
I, Ton2 8, 2?931%4;;& - m(zgz Ss)
Cos .
2 Sin £/9

I& Lan?.Qa . +2?1 Sin{N l)é/ Cos(é@s g‘? 51
Cos d/2 Sin&/g j

A - - Map _ax , .

I, Tan2@ = +2p cosﬁsg% sm(_,ﬁ X . :{}

- \28' 8%
Cosd/y sind/,

T Tan2& 1 - Sin{N-1 Co dx , 34
4 4 zf }é‘é 5(§§ 8t p)

..

Gos d/z sin &Y,




- 4 F P PEHND: D L& Ve
DISLOCATION MODELS FOR Gﬁﬁt% BOUWDARTESo

o et

A. Generel Resulit,.

The arrangements of dislocations, which are necessary
ta- gﬁ.v’_e any perticular grain boundary, will dspend on f’ghe
orientation of its plane and also on the velative orien{*)«
ations of the two grains. A me hod of determining the mo G
suitable dislocation model is given in Read {1953, am“» as
it was decided to use this technique, wﬂ- ocubtline of i¥ wﬂ.’!.s
be given here. '

Let the normal to the plane of the boun dary be n
wheress :

n= n'i,*@ na‘g; -+ :""335 ces {1)
In this expression 1, j and ) are unit vectors zlong the
whree Cartes;éfi axes and By na and ng are integers.

Then any veetor ¥ lying in the plane of this boundary
mugt satisfy. ‘i:he following eonditlonge |

vym, an,a¢ Vyng = 0 see @).
since the vector dot produet must be zerc. By using this
rélation, ’é;wo'}i vec'ﬁozré ¥, which lie in this plane and are
perpemdieular.‘ to each other, may be chosen. Then ii’ B is

a unlt vector parallel o the axis of relative rotabtion of

the twe graing and "r" ig the angls of rota tion, it is- shmm.

in Read (1993) that the sum of the Burgers vectors .8, cub



t=
h
b

by ¥ iss=

.Em

= (g x D
or if ¥ = uv G

S= ﬁfg.‘jﬁ A PR (3)
By uging This expression an appropriate mo&el..may_ iae,
chozgeny provided it is remembered that only two choices éf
¥ are necessary %o find the possible models, an&-if more

2

than one is pogsible, the arrangement with the louvest energy
ie the one reguired. A further point thet should be I;ozmel
in mind is thabt 1f for any ¥,8 = 0, then ¥ 1is paraliel

dizglocations naking up the boundary.

SASRATANITIOT K S

Be Th@ disg looaumn a?mv neeacsc;a?v “i:c) exniain tho. .

;t‘. gnference Bands,

Ine:r:plaming the interference bands, the formation of
very small arig'l ed grain boundaries at the active ba.sal glide
planes was posculaued.o Thug if the coouiinebe sysiem shmm

in Fig. 28(a) ig used p = (090,1]. Tarthermore in travers-

i

ng such a boundary gy must change byAg; and as this

rotation occurs about ONoe .
o= {ccs g cos fy gin £ cos gy, sin gg}a,gl ooa (W)

(See Appendix I).

In chooging the "Wie" relation (2) must be sabisfied

and so V3 = 0 Thus (3) becomegss



Fig 28

(a) Rectangular coordinate system

(c) Dislocation array for twist
component
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(b) Hexagonal coordinate system
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(d) Dislocation array for tilt
component
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i J k.
&= W Vo ¥3

]

1 (=VgWg) + § (VaW3) + & (Vgily = VyWp) eoe (5)

If the diree%ions.ofvl_aré parallel‘to'the X and ¥ axes,
the corresponding values of § are those given in Tablé Aolts
These resulis may be oxpregsed in the hexagonal system of
eoordinates (See Barrett (1952)) - in which case Table ‘Aos
is obtained, It can be seen £hat the 8 vectors havev been
divided inbo Tilt and Twist components. The latter resull
from dislocabions whoge Burgers vectors lie inm the plane of
the boundary and must therefore be g vectors. If the
arvangemend of screw dislocations showm in Flg. 28(e) is
considered, it will be found o give the reguired twist
compenents of S.

In Plg. 28(d) an srxrangement of edge dislocationsg with
¢ Burgers vectors is shown vwhiech will give the tilt compon-
ents of . It should be noted thet in this case the Burgers
vectors ave perpendicular to the boundary end £o the dislog-
atioﬁs are non~basel. Another important peint is that they
are parallel to the projection of the normal to the surface

of the specimen onte the basal plane.
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TABLE A.k - Covvesoondine values of ¥ and § =

Regtansular Coordingted,
g A S et e Sl Sy -3

8

?5.33 - 'WZE

w onal, gao rdinaten.

A 2
ﬁfwist Tilt
(235.0} 1+ sin gﬁﬁg-; (,,_2 - 83 | = Sin > Cog ga&gl
f3 el tef
[()ﬁo] - Sifﬂ,gzégl 8y + Cog £ Ccsv ggégi 4

il

{et
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