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glacihlt 1ce, bubhly hkz ice and sea dee.

Resufus show Brillouin

e for accurately

EA The fauz sampias sr.udied were fwund o hav\e(gennqal micro-
* scopic elasr.ic sopertivs; thar fa, the’

neasured nets of

elasl:ic moduﬂ shoved agraemeﬂt “eithin experlmen:al uﬁcertninty.

Accordiusl}', Bh» alabtic p:cpa:ues»pf homogeneous mnocxymume ice

have heen,found riot o vary uith sample age, wi:h mpuriuea présent
at che time f,

reezing of with crys{.al qu&lity

"The bulk elasr_in
proper§ies of ice remnln of couxse, suhject ta modiﬂcation by differ-
LR

ing vcrystal grain :utures and by the -pxesencu of 1nclusionA of varihus
i o vt )
. sozts. = gl g

Heighull medh addabatic ellscic moduli for homogeneous. mono~
crystalline ice (equivalently, lucal reglons in‘polycrystalline or het-

- erogepenus., 1ce) have been calculated” kom th combined Brillouin spectro-

scopic data foz r.he foi types of nmes, The

alués at -16°C were ﬂe_:er—
mined.to be T 139 29 + .Al, cl'z

70,82 +

]
'.?9,(:13 = 57.65.% .23,
11 (ynits of 10%'8/n® or.ibar).

: d linear’ ox

ey = 150.10 # Joéfé =0tk

y relation for th& elastic




moduli'has been cietenlnad from Brillouin data obtained at -3°C and

36°C..* A full range of derived ‘elaséle parameters for moncrystal- s

' Tine ice-aid for s Liine, ce bas been
: R

u!,cuhted.

The " vnhu- for e.Llst!.: moduli obtlhud in thz ptuuu: mrk are

subject to’ saller overall mun:m,_ than are vum obtained by

. prévious-authors. 'Agreemeiit of the présent results vith previcus

‘measurements’ 4s generally good but.mot in all cases within experimental

5 error in previous measurements pro-

g A . ides the most probable’ expl for the di Houever,

vlr:lsl’.ion of elastdc hoduli induced by unulul sample pup-ra:ion !
¢y " techniques cammot be ertirely ruled out. Petiesea e present applica-

tion of Brillouin no single . for the

* elastic wodull of dce'bhis been applisd in a uniforn S0
samples from several sources.. Hence, the present results are-unique
n that their ‘spplicabllity to ice from a wide Tange of sovrces. has

y been Ex;)gxingntllly verified. i

*° 7 In a departure from the primary objective of the Brillouin

studies nt of elastic moduli) the method has

&lso been used to investigate the local acoustic properties of the

crystal grain boundary region in a Mcrya(nlllna sample of :Rrer ice.
Spectra from the boundary Teptod shiovel o distaet, and ‘uiespected

_‘asymmetry in. the Brillouin ' irequency shifts of the upshifted versus

the 1 The precise physical processes .  *

) g the ons have not been Houever, “it. has

been verified that the efféct was.not instrumental: Interaction

. between bulk and surface acoustic modes propagating in the grain
=

141




appears to provide a plausible line of explanation.
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|CHAPTER 1 N Y ) i

BACKGROUND AND OBJECTIVES <

Introducturz Remarks

. Sol1d K,0, or ice, is'one of the most ahnmﬁ\t winerals ‘on

the sutface of the earth. It is also, in terms of ch\g.icu composi-
\\

“tion, ‘one of the simplest minerals. The combination EIRCHS
pmpe:uea, uéu:al g{mndanae “and (‘:he_miz:al‘ simplicity, has made ‘ice
aong the most well studied of all. solids: “Ice s e
undertaken from many viewpoints ranging from theoretical stuites of
cryatal physics or lattice dynamics to applied resedreh into thé . . i
Lateraction oF ica withdbEdiiors structuress Evenswith thids breadth

attached to

of ‘approach and with the
tng etie physical. properties of ice, much research must yet be dére '
before basic Tesults obtained via the methods of mathematids, physics:
“4hd chemistry can be extended reliably dnto, the realn of engineering
applications. The work to be' presented here, while Iimited to what

1s probably the least complex and most well nflerstood; aspect of the.
siechanical’ behaviour of ice, is intended to yield a step inthat

: tmportant direction. g i,

Tce, ‘as it occurs in the siatural environment,, is a trans-, ~
parent cx;fscpuing substance possessing hexagonal symetry. The . 5
. triangular shape of the vater molecule, which is preserved in the
ice crystal structnre,‘ 1is in part responsible’for :Se‘ relative com—
plestey uf e abe ., T thamhrates .u.‘ net total of four




i F % :
oxygen atons and eight Hydrogen atoms. The okygen atoms g irxangecl

sick that. the four nesrest netghbours of a given oxygen’ atom 14e a}\i

the vertices of a nearly regulat :el’.zqhedron. The hydxogen atams

(proton) have mean positions lying approxinately along the Lines

_]olning nearest neighbuuz okygen atoms But are rot, centred,, instead
dividing the 0-0 distance in:the fatio of abot 1:2. Onelproton lies
along eachi nearest meighbour 0-0_ bond and two protons’ are associated

with each a'xygen atom. The H-0-H bond angle in'free H, 205 105°, is,

“near the tetrahedial angle; 109. 5°, thus allw!.ng vater molecules to
undergo only & swall:, chbngeits, shapa-whEn dacbeporarsd into the

'
Additional Of the °

hexaganal ice crystal
erystal structure of ‘the normal phase of ice, including disgrams, can
e found 11 the texts by Fletcher® or by | Hobbs or in_the review
article by Glen.® . . N & )

) The hexdgonal phase of ice, found in'the natural enviran;:-euc'

and designated ice Th, 1o only one of 'a large number of: polynorphs of -

4 HZO. “These’polymorphs including amorphous ice, the metastable
" cubic ‘phase |ice T, and the high pressure and/or low temperature

“phases ice II to ice Ix, have ranges of thermudynﬂmic nmbllity which

1fe outside the range of temperatures »and pressutes encoun:erggi in

the natural envirooment. - They are'thus observed.only in the labora-

‘tory but are nevertheless of interest in. terms of analyzing the
nature’of the hydrogen bond which Links adjacent molécules i each

of the 'various phases of dce. In passing, it might be noted that a

possible commercial application of knowledgs, of @; existence and
préperties of the high pressure polymorphs of ice lies in the timely

blem.of the of icebergs by explosives. . A




review of work régarding ice polysorphs along with thé phase diagras
" for lce can be found in the article by Whalley’ or in the refer-

21,23

ences -cifed above relating fo crystal structure. Work to daté

has concentrated mainly on the crystal and

properties of the ice polymorphs other thdn ice Th. -It can be noted:

that " the Brillouin to be -in rela-

tion to the present work are readily adsptable to the investigation
of|the elastic properties of several of the polymorphs. R o
'\ Iice Th (hanceinrth used interchangeably with "ice") is pre-

: suned to'belong to the space group P6y/mmc, that is, the crystal is

presumed to possess maximal symetry within the hexagonal syst

Ice j optical bir but has one of the smallest.
diffedénces “in ordinary'snd exfraordinary refraitive indices (seé
Sec..3.3) of all materfals. Crystal gratn boundaries In 2 poly~
crystalline ice chip are thus visible when'viewed through crossed
it Eil e raveestisnt Ehe chip 1is-several millimetres thick.
The mechanical properties of ice-are among: the most complex. of any

common material. The reaction of pure monocrystalline ice to stress .

includes an elastic or a plastic or

sble an or delayed and

brittle behaviour or : ‘tracture. “The tine rate of change of stress or
strain along with the instantaneous values of stress or strain
determine the relative importance of the/various mechanisms of ice

The relative of these  nay nluo

be strongly influenced by the crystal quality and pirity of au ice

sample. The article by.Glen® reviews ‘the mechanical properties of

1ie and line pure ice while the review article




iy " by!Veeks and Assur® focuses on the ‘mechanical propérties of Frozen
5 - acéun water or sea ice.. The text by Hobbs®

ter on eha! mechanical proper:les S dce ds does: the text by Michel.

‘Elasticity in Ice

28
®

The ptesent vorkideals em:lrely with the elastic propertics
]

. o ot ¢ s ice. \A, anical 3 4 15 'said-to'be elastic

when' the deformed.'body returns’ to ifs exact original configuration

* upon removal of the pressure or stress which caused the deformation.
Elastic defornation conserves mechanical gfiergy. That is,: the

. méchanical energy, required to deform an elastic body can be entirely

recovered-in thé process nq ullowing tha'body to relan back to its

original shape. In almost all solid media, including, ice, ‘elastic
behaviour is accurately described by a- linedr relation known as

“Hooke's' law:

" In équition(1-1), denotes the stfess tesor. This'is a3 x 3 Carte-
--gian: tensor with elements 0y equalling the 3'th component of the

. force acting on a unit element of surface area no
The 0y ‘have, units of pressure. The eléments of the straln temsor,
'ekl Specify the spatial rate ‘of change ‘of 'the displacesent of an
infinitesimal volume of material from. us initial (unstrained) pﬂsi~—

tion. The € are -dimensionless. The lineat wsziciznts,_ c

4

Cartesian tensor and are

are elements of a3 x 3 x 3 x 3'(4th\xan

A ] oz 2
kaowii-as the elastic stiffness constants. Knowledge of these gon-':
dtants for a given crystalline mediun completely determines ‘the

o gy elastic reaction of that medium to -an arbitrary stress configliration.

i b 2 : v o
ST = Nk Cpgata : 7 G0

al’ to coordinate i.

1nc1u&es a lengthy chap -




The chl have units of pressure. Further detatls of the theoly of

elnstinil’.y in unisotropic (crystalline) nedia can be found i vt

] v:e:u:aa % m,,u or in the thests by Gaimmion. 12

; 4 Baneidl ivhndbeyoondtbrons along with specific conditions
“imposed by hexagonal symgizy aliow ‘the,81 elastic, cohstants appear-

“dng in!(141) €0 be exprassgd in/ terns of five independent echstants,

© when de\;ung with hexngonal CTystalline Latia The five constants: - . -
are us 11y taken to be cu, €155 ¢13» 5y 8Dd c,, where the ¢, denote

elemen:sW of a6 % § matrix. The forn of this elastie stiffness con:

stant matxix and tea’tnverie, the ‘elastic tomplifice  codseant matrix,
for hdvagonal media 18 given.in each of the five "references®’ ?10: 11512

cited above in re.la:ion to crystal elasticity theory. The Eiasuc o

constants ey gan the tensor elements Cijkl with the follwing cor-
"respundance of subs:rlp:s. 8 o 20
o RS 230r 32 4 o &
zz+z B R e TN
33+3 ‘12 0r"21 641 3

In making the correspondené (1-2). the. four subscripts' Gf the ‘tensor
elerients are divided into tvo pairs comprising the Eirat tvd and the

second two +: The (1-2) and

tne‘.no_mal form of the matrix ‘"'th are both dependent on the ‘choil:e Aaf
“a Cartesian coordinate system fixed with the z axis parallel .:J‘ the
B—fald‘nxis'(c axis) of the hexagonal monocrystalline mediua. aice
forehi, this axts specificntion will be assuned. The rotation angle
of the ¥ el e Ehont Ahede ellarca fe speugied n:bitrnruy as.

‘noted' below.




"i Voige™ for arbitrary hexbgéial. media assumes uniforn random orienta-’ .

The con;u:ion chaz :he elastic mndulus tensor be’ 1nvar1an:
weidas votation of 1r/3 about &, ‘necessim:ed h\y haxaganul symmetry, :
gives rise to i:mnplete cylindrical 180tkopy. A properties

of ‘dce... Hence; when dedling st:ictly with elasﬂi:l(y, directions

ativé to the crystallographic aves need be, specified only in terms

of the angle versus the crystal ¢ axls‘ This angle, hencefotth

denoted Y, completely determines the. directiorial dependence.of the

‘_e1asm behavipur of hexagonal medxa, For. example, sound velncity in’
Jmomcxyscaume ice deyends only ‘on the angle ¥ ‘between the arecuan
of propagation Sty Eyatal . . :
s The elastic properties of polycryscalline ice can be deter-
mined from the elastic constants uf mcnucrystalline ice if the sizes,
shapes and orientations of:the crystal grains constitutiug-the poly-

¢ u':yscalune sample are known. ™ practice, kncwledge of z:ryscal

grain stricture for Larke: polycrystalling snmples 16 ipvatiably

statistical. in nature and an appropriate averaging procedure must ve

used’to determine bilk etaseie properties ‘From the eisstic constants '\ . - /-

“of ‘monoerystalline ice. One’ such dveraging procedure, developedby

tions of the ¢’ axes of snall grains comptising & polyctystallire

sample. This assumption 1eads to, isotropy in_the elastic pzopuqes / 3

of the bulk. These elastic properties can thus be expressed interms.'' |
*'of dny two independent classical elastic parameters, for-instance,
Yourig's modulus ‘and ‘Polssen's fatio. Explicit equations giving . -

ratio for polyerystalline ice in terms

Young's modulus and Poisson'

“of the elastic cor ey for litne ice are stated,
based on the model of Voig,™ in the article by Pemny.'*. Equivalent,




P

résults are’ obtained Iluing the’ ‘averaging prncedum ef Sec. 6:2. This

procedure has the advantage
0
or grain or

as may often be appropriate

when deaung with l\amral ice aamples The' elastic constants L

mcmor.rys%alliue dee gan, be used- to’ detemine Limiting ‘values forthe

range of%arﬁnun e elastic properties of humuzal\eaus poly—
«crystalline 1de samples. :

Natural icé samples may be heterogeneous in composition; that

is,’ they. may contain inclusions of material other than ice. ‘Such
. ‘inclusiops usually consist of air or watér vapour (air bubbles,
“internal cracks, ‘etc,) or 1iquid water (Tyndall ngh'ras', brine cells,

brine chafiiels, ete.). Liquid 1m:lusicns are signiﬂcant only’ @ ice.

irozen from salt water (sea ice) or in fresh water ice at :mperatures '

very s tha MATELTRTPEInE, " BALLA pareicnijes “inclustons may. be

! present in 19e frozer from vater c;a;:\tp'xning' ubpdnded paeror bevii
“sea ite at temperatures loy enough (<-25°C) to precipitate signifi-
caiit quantities, of dissolved lonic componds.| ‘nalysts of the com-
plex ‘and sxgngicént effects of dnclusions on |the eldsiic propsrties '

: i .
of natural- ice lies outside the scope of the _presn\;work. To date,

most_investigati in this area have focused on the elastic and other
mechaleal properties Of sea fce. Thia work 1s feviewed fn the text
by Dorontn and Kheisinld and fn the areicle by Heeks and .Assut‘s Ao

‘explicit medsurenent ‘of the dependence’of Tounsa-bodulus for poly-

‘crys:aume sea ice on porosity s been reported hy Langleben. 16

The elastic praperties of ice dominute mechanical! behaviour

when the repid applitatim\ -of mudenle( stress - results 4n moderate

strain. The.., a o u of Go1a,* usmg

being teadily adapnble to' the case of B




oy
: |
3

. 10 llln is usuclly lllnc!lteﬂ with the occurrence of fncmre

~at lower hydzunuc stress whes zhbm-peumu ‘exceed

 phase du;u- p

lw frequency e
" stress grncer -than 10 N/

Vin!ually_-ll common sources of atoustic vibrations fall within: this

1line ice at temperai bezveen 3% and. ~40°

indicated sppatently pure elastic reaction “hin & mictalas setess-of

10 )ll- was A}plhd for less than 10 5. The rmltlnt strain Jn of

the preriof 107Y, . Tensile stress of lmx stress of the

M:ez

ﬁ.nur elalttc defcrmation ceases: liuuever, the regfon of phase
smbuuy of ice Th ends at a pfe.lsura approkinsting: 2:x 10 u/u
at temperatures bélow -20°C and ::mfomzl.on to llquid w,-ur occurs

"20 c (lu

The aspect of. the mabintesd Sabavipa d i

i
... =]
1 or_jsound ‘propaga-_

by elastic proj ouly, 1s

tion. At frequencies exceeding 1 Hz, stress durationm 1s considerably

dess than the time required-to induce significint nonelastid’ deforma-

tion. Thus,: n cal in “dce, cing those of uftu'

thln 1 Hz) pr those of ax:rene Ancennu:y (puk
y
w2y aa aliont purely, elastic in nature.

of - :he elastic fes of ice may be used




9

: ' to be uued 15 elas‘uc moduli.. The ‘equations

S A S 1Luking ‘scoustic ptoyagation velocities to the | density and elastic

modult of a “go1id medium eve dérived By equaung Ehe mass’ tines. the

accelersr_iun nf .a dlfferential volume element with the elastic foXCe

npplied mnchst elemenl;, determined via Hoeb’s law,  The procedura

1Bads to the Vanishing of tl\e deterninant Df a- 3 x:

ynmma1 matrix

L havmg elemenr.s which are’ uneer combinations of the elus:ic moduu

d " the pruduct ‘of the densi:y with the.‘bgdare, ¢

he Goudd velocil‘_y. :

The zéro detemimnt 1:&: m implies an equar.ion which is cubic in

b l:he squate ‘of the’ saund velocity, ‘thus! yielding, 4n-the general c&se,

three distinct expressions for the mgﬂitudes of ‘the veldcities of/

scoustic vaves. . These velanlty e)q:resslo‘ns ate associsted with Lhtae

7 nrthogonal polarizations or parth:le displaeement vectors.

'acnustic mode with pulatizatlm\ pelrallel tu the ‘prapagatim ditectiun v
1s referred tu as longitudinal ox, compressional while the two mhugo— .

= ‘nal modes wuh poluizauon normal fo the: propagntion diractinn are

ref&:rred to'as transverse or’ ahear. In aniso:ropin (crystﬂllinz)

media, the' tl\ree acousl’.ic mndes e-!d\ have Velncity which- is, ;n

‘general, dependem: on’ directidn ralarive to crystal symmy\r-md the

two :nmaver:se Sodis have distinct propagation velecl:ies. n iso-

':mpic polycrystalline. or ‘amc 18) media, ng di ona éepeml—

:+ience.dn snund veloci:y extsts and :I\e tuo shear modes" have equ.r

Velm‘.lty

Detai].ed discnssion of the prop-!gatian of elastic vih!al’.lnns

in” solids ' can be found ‘1o \mmerous texts. Thesa inclwde Landau ﬂnd

Lifshitz (deriv.utlon of detérninantal equation for aniaotropic

< tiedia, complete analyaia for lsotxopic medxa), Nalvern Cbomplete’ - <.




nnaiys‘fs‘rox dsotropie’ media), Musgtaveu (éomplete analysis ‘for *

& o . . ‘@nisotropic medlu), and Mcsklmin (’emphasxs on apyuc;snon to ultra:,

sonie measuxanehrs) An cuuine nf ‘the detlvatinn uf the sound -

‘velucicy (urh agonal crystalll medh 45 tnelodeds -dlog)
12 ’

/These

with the equations in expucu»fum, in the thesis' by Gammo

g equatluns have, beeii’ reproduced, in snghuy nodified faa; 1o the g

0 present thesis (Sec zz) . o

Thece ate several direet piactical spplicatiens fof data

regardmg “the. acoustic properties of .ice. - For example, acnust,ic_
1" neadurements Have s uséd 1n studying the annual vsrxa‘mbna i th
§ J ¢ ptopéftieu of sea ice and t‘me variations fm. polht to pointiid-t

fcelcover. s
- ;

R
Thauthickﬂeas of Both. fzesh wﬂl:et ice: and ocean ice. mny

e idasured. by acoustic techniques. ~ Accustic (selentd) stuitenior’
oo glaciers ate u?ﬂwu composition'and Structure-of Targe fce
g msses.' ng' /iap of ce\in the. Dcean by ul:rnsonic (sonar) tech- "

niques requirl nnnlysis of mr’phemmanon of ‘acoustic’ reflectlon at-

the iceswater|interface. c1ear1y", mahy fore exlating ok poténtial

uld be enulnerm:ed.

7 e, o spplica;ions
oted abnve, the mechanlcal’ ‘reaction ci ice to quasi—

Cresp,m or plasti.c yield ‘may

#l thi. dontnant méchanism of deformition’evén it very low stress . Ly

(-10 N/ﬂl s given sufficient tlmg N:Ver:helesa. knwledge of the

elutic prupertigs -uf 1ce s i.wparcant in“analyzing mechnnical

i
/" deformation in’ lmnst au cases: This iﬁlpox:tance stems ion the fact

that :lm ﬁtsr_ xeactinn of ice to any rlec'l'wnical el:tess 15 purely

R L alnnr.ic “and_ that suhiaqwent none],aatil: dafoma:xun uxu be gnvernad

y chg seusa field estahlished w:lthin the ice by el-"ciz forces.




“ith s oftabore structure; one, would ‘procéed by assumlng that! the

P initisl defomt’iun fulluuing impact ws.s enr.lrely elaauc» By way s

uf the equ.ntlm\s of elasricity, the. resultant ‘stress nnd u:ram

’ ; “within tHe Lce’would then be ied." Analysts of

mec‘haninal deformation; for instance plastic ysem and fmctur

. propagation; would be’ based on. this fnitial determtnation of stress

ind'glastic strain. Céntinuous reevaluatién of the stress Fleld dus |-

to internal.elastic strain would be Tequifed as.nonelastic”deforma-.;

Ty el S e Tegon of the 1ce mass Proceeded: - Siiiler reasoning: applies in anaiysta:-

Pl 1 . A zelatins to"dce dynamics, nm La"thie 1nteﬂction of ‘floating ice

e i  massés with ond shobig ottt 1nﬂu=nua o aarudy!wmiu “and hydzo!
' dymmc !r.res.! Thus. :he t g
“icé cover (Eor exsmple, the' rAanzxn mﬂdel) usually ‘include Hooke's

odata for

l.w and r_he Alasl:ic mnduli of ice. : N

- Values far the elastie: mpdulx nf lice fina lppllcatlon ip

pestits.For

theorecical and experimental “studies of other 1cajbt

[example, ‘1 ‘;he analygis of £ crsep, or : ‘plastic yield, the memx ¥t

attod or migration of dalocaiione 18",

 stress field causing the'

‘deternined fron’ the Applled extérial gtress and an assmm atgert- ©
The migra- -

_‘butlon of exisl:lng dislucuiuns, via the elaslic modulis

s e e infce. A

tion of c is_the

5 .0 digcission of the general theory of dislocations'in crystalsiand their |
) i f

. welation to’ the theory of elasticity s given 4o the caiie by Landau

4 ¥ ‘ad 'Lifahitz.B Theoretical and experimen:ll dspects of creep m»
tce are tavizued by Heertman.zu I .




Lo

\ mulegular cmfiguration of ice and the -fun:es o inberaction betwaean

nlides a test for the aésumed model; Al:emtively, patameters

e]astic dxca. Applicm:ion of theae I.'echniques 13 ﬂlqstxncad 1n the

. “orientation 1n the! samyles.. The ‘static neasurenenta P

5 3
hi‘ntoric&l interest:" Thé dynamic maasurunem:gme:e 1n5uffic1enhlyv
ST h e 5 JSee BT aain

’l'he elastid fioduld of ife sré.uleinaraly det\ermined by -the
forced betuaeh water moleciles in the ded crystal sr_ruccura. Hem:e, :

via the Ehéories of Tacetee dynamm, an assuned model forthe |, :

molecules can be used to predict values for the elaatic moduli.

Cmparison of these values with thnse detemined mperimencauy pro= . ‘"

(acomic force’ constancs) inithe model ay, be fitted to mgagured .

arl’.icles by l’e!\ny, 1 " by ‘Haridasan and’ GW!ndaxajan,«z.z and by, Renket

and Blanckenhpgen. 2 Aot

Work o on. e elastic pruperties of 1cd°up untdl’ 194048

1eved in, :he r.exc by nursey. % Mast mensuzemantu were mde using

wten rlynamic

static tec}miqu&s applied to pnlytryscalline Bamples

(sound velocn:y) meusntentu were nlao carrted ou: u.sing poly—-

ﬂtystslli.ne samples. These ylelded values-ifor ‘{oung s moﬂllus and «

Poisson's _ratio which were a istdpe  itth one thiex;,

nore scatter and tendéd. to vield walues of Young's ; modulus about

one third of those yielded by the rlynlm:(c measurements:, |, Error -was

lﬂnely due to plastic yielding (cree]:) of ‘the Bauples. Dorsay




! ‘ “ 13
L, . , I :
‘precia to. idencify any directional variation in the elastic moduli .
- of 1ce, "’ K Pl » o "
) e B 5 g [
. (41) Pemny g . il o w
In 1948, Peﬁny“ reported’ a quasi-theoretical determination /

of. the elastic iodull of monocrystallifie ice. The approach involved:

the it of atoms' in

utilizing a set of
the dce unit céll and the corresponding interatomic forces to yield,

1line’ elastic

in effect, the 1 of 'the
1ly alues for ﬂ,e‘ polycrystal~
line elastic moduli of ice were required in the analysis. The result-' . &

consisted Of the five elastic moduli c, 3 appropriate for monéd-"

. crystalline ‘ice. ) % '

< Tvo assumptions vere made by Penny'® regarding the atomic
arrapgenent of the ice unif.cell, Firstly, perfect tetrahedral'co- .
ordination of the oxygen athis was assimed, Secondly,” the hydrogen
atoms vere assuned to lie at the midpoints of feardst nefghbour 0-0
bonds. The first assumption was in only. emgll disagreement with
existing x-ray crystallographic data while the second assumption

1y obtained #rmn

differed more antially from data
nuclear magnetic resonance a‘mdies":m‘d ‘from meutron scattering |
studies tn' frozen D,0.% ;rhe,'c‘ﬂ:na; n}ssmﬁﬁon used by Penny was ‘to "
include ohly neatest neighbour interactions in the dynamical model.
In view of the open structure qf‘-icg Th and the fact'ihat Hydrogen
bonding occurs only bétween nearest’ feighbour oxygen atoms, this
assumption was apparently quite reasonable. 2

Penny's analysis,which vas’ blmpj the ordinary theory of

lattice dynamics; led to the expression of the five elastic moduli




of ice in terms of twd atpmic force constants. These force.con=

‘result of the analysi:

stants were, in turn,.fittéd to experimencal data: Hence, the net

a5 to determine three rélations among the

fdve elastic of ice,  The 1 data used by Penny

* consisted of the acoustic measuréments of Young's modulus and Pole-

sém's ‘ratio £or polyerystalline ice.by Nérthwood. 2> " These vllues
were linked to the ‘mnnocrystalll.ne Elastic constants. vid the svetag-

ing procedure of Voigt L

fhe results obtained by Ponny vere thua
dependént to asignificant extent on the accuracy Vith which the

model of, Volgt described the grain structure and hence’the elastic
properties of the‘ polycrystalline samples studied by Northwood . 2>
Without this .and other sources. of expevrylmenr.nl uncertainty, the values
f£or: the elnstic uoéuu‘q&m by Penny would have been in remarkably
ot agreamt kv VAIGa obtatned by subsequent scoustic experi-

ments on moénrynnls (see Sec. 6.3).

(411) Jona and Scherrer

The firet expertsental deternination of the full set of

| elastic modult ‘of Ronoeryatalline ice was reported by Jona and’

Scherrer? 1n.1952,  The samples employed were monocrystals of ice at
—16"c, az:ificiﬂiy formed from water of unstated purity. ‘The
Schaefer-Bergmann methud was used to mehsure .the elastic constants.
This is a coubined optical lcouatic techiique vhich facilitates pre-

ci

G

of acoustic in t media. Sound

. . Al . .
‘waves of a variety of and are

induced in a samble with-an attactied quartz transducer. . A momo-

chromatic light ‘beam is then used to probe the sample. The light-

transmitted by the sample and incident. on a screen-or’ photographic




fllm is dlvided into a. aet of concentrtc geautlical 'figurea as a
renult of .atFtraction by acoustically mm,ced périodic spa:ial varia-

tions in refrscrive index. fhe ucmxstlc I(avzlfngth s determined

£rxiai<this ngle ‘through which the ughz s difracted. - The sound

., velocity is then deduced using the Ko, E2 ey 6F vibration of

2 (1v) Green and MacKinnon ' %

the tramsducer, A déscription 6f the method,‘along with several

samples of Schaefer-Berguann patterns ‘can be fouid.in the.text by
10 < ¥

- Huncington. . The application of the Schaefer-Bergmain :échnxque to

Ace'by_Jona. and Scherrer’® yielded' reasonably | prectse values for all

'ftve elastic moduld, at -16°C (see Sec. 6.3)". These values were used

to test the three theoretical Telations of Penny.'d

within axper;hnental uncertainty.. =~ | :

Agreement vas

1n 1956, Green and Macl(lnnon27 medsured the transit tines of

-‘»-cmpres!lonal.md shear acausuc yu.lsel along the ¢ axes of mono-

crysl:alune, cylmdrical ice  samples

These méasurements yielded ~

vaiues for & and, e, vhich vere in turn used in nalculating the -

33 44 B
o:her three " elastic dioduli by way of the ‘three 5hepreuca1 zelations

af Pensy. 1

The samples tested wére frozén from distilied water and
vere presunably held at -16°C"although this was ot stated. Esti-

mated-uncertainty.in the measured elastic constants vas about 37

" while the unce!tnincy in the three cal:ulu,:ad elastic constants was

about , 142, mot. lm:luding possible error in’ the theoretical equatLonl.
26

- ‘Agreement with the values of Jona and Seherrer?® ‘vas-approxinately

wvithin experimental uncertainty.

“a s % LR R
. Sy % o T




(v) Bass, kosuberg and Ziegler
A sidasurenelt o the cnmplecc set of ‘élastic compliance’

constantg ‘s, of monocfystalline ice was reported by Bass; Rosseberg -,

43

" and 21egler”® in '1957.  The samples used were monocrystalline bars i

X

.

| stant matrix [c 441+ This process sigificantly increases uncertainty

(vi) Bogorodskii (natural m)‘
R

and plates: of ice machined from artificially grown bulk samples- of,

unstated purity: Samplé temperatures ranging from -2°C to--30°C

were used in making the measus Hénce re d .
e Sevexniind. boe e coniifaid madu‘li.' The method. of
meagurenent in‘volved observing riodal patterns imilnced by resm&nt
acoustic vibrations in’the. monocrystalling bazs and plates, -The '

¥ el

pattexns, obssrvsd in transmitted pDIarized sodium Lighz

tedito ‘yield the For, purposes of ¢amparison

with other measurements, the matri [ 1‘j] obtained by Bass, Rosteberg

‘and IZieglexza must be inverted to' obtain the ‘elastic stiffness con=

1in’ the results. i " d a T 1

The first measurement of the £u11 set of elastic mnduu for

29

monoerystalline patural ice was !epm’[ed by Bngnmdskii in 1964.

The sanples consisted of large clesr monocrystals extracted from. -
bulk dce samples ‘from Lake Ladoga,in the'U.5.5.R. ;h; monocrystals
i by dusting the surface of the bulk samples with 'red
lead" (;{:es\ﬁyahly Bb0,) and taking advantage of preferential melting
et taa el Tyt g boundaries which occurred

when the bulk samples were left exposed to sunlight for two of three -

bours. The elastic médull vere determined from méasirements of

. acoustic pulse transit fime in three crystallographic directions.




‘the ice sample ‘occurred.

- Unicertainty in the measured ‘acoustic velocities approximated 5%,

giving rise to uncertainty of the order of 10% in the. elastic' moduli.
' 1 g - ; o

These: relativelj large d’nnercain:iea  preclude detailed comparison of

the meuuremen:s of” Bngorndskii 29 “on natural ice samples it or.her

more. precxse measu:emen:s\«s artificial ice, samples EBE ¢

(vu) Other” work be(ore 1965"

+ | The elastic moduli of arr.ificial ice at témperatures ranglng
“from =20°C: to very near tha melting point vere .me.su:ad by Brockamp

and Querfurchi’’ in-2964. An ultrasonic pilse wothiod” was ised. - The
resulting valyes (see Chapter 6) were in fairlygood :agreement;with
those of Jona and ‘Scherrer.2S " An unexpected drop 6f about 5% in_the

elastic modulf vas observed at temperature very near melting. Also

. 101964, the tempernture dependence of tvo of; the elascic moduli of: .

ice, oy and cyj, vas investigated by Zarembovitch and_ Kahane L using

gmann method. The agre of ‘the

at

withithose of ‘Jona and'Scherrer® wis eiccellent.
X :
(Viil} Proctux :

The first comprehensive investigation of the alstic tioduli

of 1edvat low temperatures vag :epo::ed~by Proctor’? 4r 1966, Monos
crystalline samplés fl‘nzen frnm diltilled deg.used water were

tested over a temperature range from -223%C (50%) to -23°C.(250°K).

“The complete set of elastic moduli vas. measured over a gmaller range,
° iR ]

-213°C to-163°C. An ultzasonic method of measurement was used.

] o G B F
The method involved: the:timing of two consecutive acoustic pulses’
such that cdncellation among the reflections of the pulses within

The pulse separation was then used to




P . determine: the, round trip transit tise in the sample and hence the

.+ sound velocity. The resulting elastic modulus data were fitteds
with a quadratic least squarés temperature dependence Curve.  Extra

polation of this curve to 0°K facilitated calculation of the Debye

. > . :-pn’-mmfax ice (equitions and outline of Inm.ng e gtven Ty
L H\mti.ngmn sphb.z'pguu out :that ‘the resultant value is in

4 % 3 7 good agreement. wuh heat caplcttyl éal s and vith

" from s-ray data.

R N T A s
33,34,35 5

VAR In’ 1967 Dant1’ repm—ua results”of mauzmn;a of

‘- the elastie modult of 1ce over the broad temperaturé range, ~140%

.. Praqinncy depandesica over the: raagh 3 i to 140 MHz vas

| £ alog fivestigatels: Patticdles caviion was -m—cmd ‘to- foratng.; :m
/ . " monocrystalline icé samples utilized in the measurements. These
% k were grown slowly from water prepared in a quartz multiple distil~

- s lation apparatus. Tests for pH and conductivity were performed on - e

the' vater samples prior to.freezing and shoved minisal acidity alongwith

s ,\ = \/;ond\u:zlvlty approaching the ideal minimum ulu- for pure water - (see
J Dorsey?®). Although results of a complete vater analysis vere eithér
w7 " " not ‘obtained o not reported, the sasples were described by Dantl as £
8 B ‘h-ing "exzr-mly pure." Following freezing, the mﬁacmmﬁu FeN

25 1.;g eamplee wvere aged for- at lens: eight months at a temperature near .

:he melting point before being used 11/ the acoustic” experimznts. v l

Tha ‘elastie uoduliof the ica samples wore neasured by ant1 {

/ using a combination Of two acoustic techniques. The first of these
2F Do seod Y

the round trip transit

! " .wasa conventional pulse echo technique whe:
time of an acoustic pulse emitted by a quartz transducer bonded to




_ Dantl to yleld no si S An velucity

the ice ‘sample 'wag measured versus a calibrated electrical delay

‘line. 'This technique.vas'rapid 15 itq ni:pi‘icu:xnn‘l and vas- hence

well!suited to making the large. number of measuremente Tequired in b

the ten ice of the five, ‘elastic modult;

However, the technique was felt by ‘Dantl to yisld possible lirge

* ‘x4, dboLut essireents of the elastic moduli (see Sec. 6.3).

Relative peasurements, on the other hand, were not subject to''this

uncertainty, Thus, while the et method was presimed accurate’

1o’ Apeeifying the shapés of the g and lency ¢
curves; - the overall heights of thecurves. required checking by.a

sécond technique. E «

A double pulse interference mthod33 37

lation of successive pulses by: reflections within the ice ‘ampl ﬂn

. some respe:ts sinilar to the method-of Proctoi’?) was used by Dantl

to check several of the sound velocity méasurenénts obtained using

the pulse echo technique. This method vas apparéntly assumed by

“The checks performed” indicated T initial pulse -
acho results was not required (see SEC 6.3):
The measirements of Dantl vere interpreted to yield least
" squares qnndratic tenpersture-fégendence curves for ‘the elastic )
Boduli of ibe over the range ~140° ¢ to 0°C. fhe curves revealed a
very gradually decelerating increase in the moduld with decreasing
temperature.. The sJope of the curves in. the neighbourhood of the
nelting ‘pétnt’ was a(f the order of 1,5-parts per thodaand per °C.

No significant. frequency dependenice ‘of the elastic moduli of ice was

noted by Dantl.




Peﬂmps the most strlking
cumpreheusivz set of meastirements

the‘ 1bsolute or aystenur.ic vaxués

carrtad oyt by Dantl Setiteia

uhminad for the elastic constants:

Tha!e nvaraged about 5% balw values obtained by ‘ottier previous

. au(hnra 5t

on. the other hard, "the xelative values of the five elasuc

 modiil4, " and the temperatire.

Hobbis?) .

€:with previous

The'tendency of, each of ‘the elastte soduld measured by’

depemunca curves were in gehually good

(see Séc. 6.3 ‘and_discussion bys

Duntl to tun -about 5% below corresponding valnes measured by 1uthex N

nur.hoxs, i purﬂmlar Jona and Schenexf 26"cou1d not be uccoynteq for

o
in the ] ts of < *

by,

results.:

Dal\tl
" of , the esmpies'smdug to. aniple-t

properties of des

opere

33 3“ 32 al’.l’.xibnted tht

apparently low elastid Bodult

-sanple variation in the eiastic

Th;z'is, 4 fundamental difference in-elastic

f the' sged pure ice samples used by Dancl versus the

* uaaged snmples uséd by" ulher authiors vas hypotheulzed o ek, T

tentuive explenscion offered by Dentl was as follows, Diring

freezing a dignificant sp.cm variation in elegtrical potential

develops alung & groving ice crystal, This effect has been ltudledr

and vnuied by Worknan and Reynolds ®
isicorporation’ of impirity léns Info the dce cryatal atructure.

resultant eléctric'field was thought by Dantl to lead to preferential

crystal.

and is lttribu:ad to ulactive

The

(miandom) orientation of the }!20 dipoles conmstituting the ice

T‘his prafsrsncul orientation in turn leads _to long range

dtpole-dipole interactions bztween watér mleculea which, in effect,

ténd to pun the erystal structure together slightly: Molecules in

I
|




the denser strutture interact more strongly-ylelding increased

elastic moduli. Dantl thes argues that during aging at or near ¢

the melting point, the potential accumulated during crystal growth

-drains off and the H,0 dipoles reassume’random orientations.. The .

den-l:y and elastic moduli thereby. decrease with age. No samples
studted previous to the vork of Dantl had been deliberately aged for

long perdods, prlor m mm-&mz of their elastic mduu.

n.'.ﬂ’ ea’ his agurents by pointing out

in meniurguntl GF ice densiey, fn pumun tendency for ice of

aiofoum age to hivé maximm demi:z. 9 'Areported observation of ey

ey, 10 ice, 'O Telatad t ‘the braakivg, of

‘ias;‘/m crystal symmetry by ptefarentill dipole nri:ntlti.on vas also.‘

noted by Dantl. Sffect was observed to dhlp‘peui e days

after freezing:

(x) of D-n:l' ol

- Some.of ‘the ‘argusents of Dantl appear. iprobable 1n View of

various m-uu- quoted in the ucn.euu. For instance, in a review

ofy crystaliography of ice, Kamb*® poins ol chik. neweran crystallo-

“graphic data for ice Th-indicate that polat. strojtura (iomg ek -
‘n@mng of Hdipoles). is'not presept. However, anp*! ackpwlulgu )
“that tests on freshly formed samples, quenched tlpid.ly‘ to. low

. ‘:;up.x.mn_; have not beex carried out.  Nevertheless, it appears

that without special precautions taken to preserve a possible polar

:structure induced at. the time of freezing, a purely nompolar struc-
cure ‘ds most prébable. ‘In this light, liobbs® concludés that . . .

although various other ‘space’ groups have been suggested from time

. to time, there nov seems little doubt that the correct spacé group.




22

g0k e Th) 176 /mc. Ite argunents of Dane1%3433 rus basi- .

cally converse ol above, :hat 1s, they mply that wrichout special
p:ecau:im to_rémove a polar ‘stricture (far instnce, aging gty
uonm near ‘the melting point).. ice Ih w111 ‘be polar id matite and
hen:e be piezoelectric, have high denli\:y nnd have high elastic

uodun S L G T 7 w

As by. Dantl, § of the, :

“resilcs. 2 Dantl interprets

effect in 1ce have' yielded contradictor

these ds evidence of‘a polar structire 1in’ some samples‘ l;mhabiy ‘the

Lectric ity in ice to date, that u{

test for

i ‘Teuhmmn and Schm.dt,“' yielded a null result. Nevercheless, the,

exiau ce of plezoelectricity.in fréshly forned ice crystals reriains -

a passibility. ‘The ef(ect nay, however, arise fion causes other than
‘polar stfucture, for instance electric :harges on dlslu:ntlons 3
Furthernore, observation of the" effect voutd appear ‘to require

_deliberate effnrt On'the part of the dinvestigatar in bkdst.to; bravent:

1t by i Thls uich of

elastie moduld wher the high wbdult’ thought by Darel t0.be, asbioci~
ated wi:h a pnla'z structire hive been observed, in ¥he: abidace’of, -

26,28,29,30,31 A similar

Apechl precautions, by several authors.
nrgunm: can be-. applied to experinental de:e,minatlnns of the“zero” '
Fotht-éntropy of 1cé. Values‘in excellent agreement with.a theoreti- "
cal valye based on assumed disorder in protén: -Brzangemen[, have been
deeermined, The zésultant implied statistical dlstribution of.' :

o dlyole moments- rules out a polar structufe in the samples atmﬂed. .

Sunrple-r.u—.!mple variation in the denu:y Gf ice has been'

< more cloaely gtudied'than haa tion in the .’




. above: | in a careful’ experinent; ‘Butkovich?? measured the’ specitic
sravity of several unfleved smocrystals of naturally oceirring
glgci&l ice (seé chapters 3 and h), The 1.&{3! sizes and exccp:lnnal

" quality of thé mnnucrymla tndicaced very pmlonged anneaung ap - 2

Cthe muung pcint. The meusuxed sities vere highly
and' were in ‘008 agegnent: witl ek um-u:emem on eontrol san-
~ i " bles (age:not quoted) of polycxys:nlline “cometcial" ice. The
¢y " ©* iprectse’densicy measuresencs'of Gimm\gs and cﬁruccmx“‘ v
P ‘f’\'.\ hd freshly formed polyc‘l‘ystqlline ice (presumebly aged ng:more thal\a :
i T g 'minites) ylelded a v tus differing by substangiaily less than

43

ine pait 1n, 10" from the average of the measurements of Butkovich

3). While sample-to-ganple varistion in ice' density

(see Sec.
omatie a pussibility, domparison bf the iéasurements noted above
* demonstrates that thete 18 no'letinite orxelution Fetween dehsity Y
" and sample age.’. Cmnp has attempted to verify the above hypothesis

directly by\nating the change in voluse of a froshly forusd dce saple
o

i held for 60 days ‘at X nll fesult was obtaind and an’ upper

Linit of 2,5 % 10°%/day set on the rate of fractdonl: vulm change
of ice. Thé fractignal denntty variation ruqulred to yield'a 2% '

change i elastic modult 18 hypvtheslud by Dant1 to be about

1.8 x 107, " . Yt iy 4
In ‘sumiry it can bemoted that the measurements of

D“tl :33,34,35

when compared with those Of other authors, {mply &
nmple»l:of!ample variation in the elastic moduli of ice. The T
zg:;n put'forth by Dantl, while difficult to discount completely,

“s‘eem‘s_ ‘inprobabie in 1ight of existing data, espécially with regard’

i ‘< Jto. the tine dependence of ice density.” It may thus be -advisable’to’




L Took Enr some other. axplana:mn, for iuﬂnce ditferences 4n impurit)'

concentramn or:in crysl_al quality:, (distribur.lnn of pum: defec:s,

ete.,). A § X ic érroriin

:  sets of ents made in : using 2 : ;

. .. ' techniques'may: account for all or.part of the |pparen: vurixdons m
. the eldstic modu.’ll of fce. This possibility is ettt b deral
i, sec. 6.3, “To a large. extent, the “present vork. nas béen” uwtivated e

by the uncertainties arisiig frod the points ducussed above.

5 . rnuauing 1967, and unitil the present’ work, mo HeaSurenents -

Jof the full aat:nf elagtie modili-of 1:: have beerl carried’ out; The,

Tesults of Dani1, have been widely nccepteﬂ ‘as the scandarrl values for

the elaatic sodult bf ice, Ly w ot o

01964, ‘the full set of elastic nodult of frozen D, 0 were

mnsured mr 2 vide range of :;mpem:uxés by Mitzdorf and )(ehn'eich T

3 rkﬁsgppa:ms, and techniques usad were.sinilar to those of “Dénel.

“The elastic cons:nnts of frozer "z° were found. to aftfer £ron'the . § s

TS cerreﬂpcmﬂng Slaptie. coustants’of ftnun Hy o by amounts tangh\g £xon
5% m 208 AL elastic congtants excepting, ¢,y vere found tobe . . -

- greater h\i:czenl}zo. ST i : 2 < e ¢

1. 4 Brﬂlﬂuin Sgectrbsnogz

. 3"
- Bxillouin iéciioscony th o p\luly optical x:echnique for

stuying the ‘acoustic properties of materials

While the mthod has' |

: \ fowd application iu studles of a Widé ranige . of 11qutd-and golid. ~

nedda, including layer cnnpounda, 1dquid urysms, seniconductors” and
"

% \
 matala g AT e deusston bellov relates ‘mainly to 1es sppLics-

tion in stulying transparent crystalline mecua in- particular, ice. il

The basié yrlncipll underlying.the method of Brillouin specticscopy




- to lacﬂl vnlatiom: in

 hoveter’, Brillouia spectitacopy does” st necessitate the use’

» a:ernnl source - of nmnochromatir_ Acoustit vibrationﬁ (tranedicer)

u.‘{ be interpreteni classically Lq betng sinflar to that underlying .

:h! Sch.aefar-Eetgmann method, 'l'hst is, uoustic, Vlbtaticns propagat-

é Fluctuations: i 1x\temoleculn{ apnning or density which 1n “turn Lead

tndex? Thesa' iations are-

—’céblb‘le “of uac:exmg Ldght.’ }wnuke the Schaefu—se:gmm mechnd,

the dcoustic waves, ubserved By e sutulepiee prssoty are

Ratly

© ‘obsérved vibtations form part of the broad, spectrum of propagating

- frn a small reglon of t.hp. sampl= (ddameter ty‘pil:ully

" on spatial aid divectional exten

> trnnlpa!ent medilm ds subject !o ‘certain phjsicll conatrainﬂ
B/ :
/

excitations (phonunui\hich is present m any solid materdal ag,

cunp:racuu! ‘abové absolute zem,ﬂ

The most commonly used artangenent for Gbserving B‘zllhui‘n

i par nedia 1nvol i in(enae, highly. cn].‘u.—

an i optidal disp and, system. The scat anulelil

quite’ fl'equent_ly (85" dn the: préscat work) chosen to be 909 ' The

optical detsction systen 13 designed to Hate chsarvad ug.c otk

That is,: only lighl mnltmg

racmm of

1 nillimette) and truvelling in one ptecieely defined dixel:r.lan

- (angulax diverge'ncg typleally a fraétdon of ome degree) 18 allwed

‘to uuth m detecting opm:s.

-

i / - The light scattered by p:opagntlng elaszic vm £

thefnally. fnduced and hence arise spoptmeausly_wir.hln alsample. The'




1

st he such that the, Apcical path rliffermce for ‘Lght reflected by

. ‘vibrations spcntnneousl}' yresent An the aample, rmuy, the light

K simplisl:ic :1nsslcal puin: ‘of ‘view these niy be bt fed as ol -

J,ous. Firstly, scé:cer!.ng is specular, that is; -the itghe is appnr—

encly nflected in"a nirrot—like malmet e plane wuv:fronts of

acoustic vibnliuns. These wavefrouts 1de norbal to the- acoustic .

propagntion dixictton, Ser_ondly, “an interfetence conditdon 15 satis"

fed. Al:cutdlngly,‘ the wavelength of the obsérvéd ucuusf_tl: v:lbrnlons

o adjacent wnvefronu équals onie sprical u-velengm. 'thus onlya’

‘ singls wnvelength is aelected f'fom the b:m lpe\:trm of musm

by a pro agating elastic fa - eftictively Doppler

.aliifted by an amount mrespandmg to r_he rate of ‘change of optical
‘pathi from the ligh: source to the: dmccaé The cpmu path * cmnge
fesults from- -movement: of the reflecting surface” (acoustic vavefranc)
Thus the obaerud Doppler” shlfr_ is direc:ly proporclonal to nco\utl: K

p\'oplgnion velenlt:y. iy ey 3 bl =

me pnymal donstrafits” outlined ahnve “lend'to: the fcllwlng 5

felation bétueer sound YeIELy 3 and; Ezequency 5hifc of; Brillnuin
12,527

scattered light,

it

l'.qual:ien (1-3)'is known as the n&umin equalion Tn equation (1-3) ,

cxansparm: medium, and @ demotes scnn:ez!.ng mg1e. = 1

"The. fuqusncy mfu yle]_dm by equutLon (i-3)" are typically

) of the't q}lanfy OF ‘the incident

i
;
i
i
H
1




radiation. Hence, accurate spectroscopic analysis of Brillouin scat-
téred light requires an instrument capable of very high resolution.
A Fabry-Perot interfercmeter is commomly used for this purpose. The

relative intensity of Brillouin scattered light is govérned by the

of the lity (hence constant, and

refractive index) of a medium on strain. This dependence, expressed

in terms of (l’nckels ) in a fonn_h rank

tmuor 1linking polarizability vich elulllc _B:{lin, varies uigni.fl-
cantly betveen media. Low Brilléutn lca:tering mem:y necessitatel

# sopbisticated optical detection éysteii dn b,

Frequent and varied use has ‘been made of tha techniqué of

Brilloutn “since the mid-nineteen sixties,

Flii 2 f£ollowing the invention of the faser. The technique has thus been
Y ¢ well reviewed in the lterature.*’**8*4853%, A detailed analysis of
=  the underlying physical processes giving rise to Brillouin scattering

1s ;nium:uy quantus sechanical in nature. The article by Benedtk

and Frifsch® prwidn a complete Teview of these processes. neyu’zh.—
* less," the classical discussion given above successfully aceounts for

e, " e <hhed thm aspects of the Brillowta scattering phenomenon which are

af the for acoustic .

T T
{ 3 e | .
H y e velocity'geagurenent. Severgl Brillouin spectroscopic experiments

tuive. 12 50,53,54, 55,56 These, experlnents vere primarily atad ac

iy . measurément of !he elntic mnd\kli of varwnpuenc mediu 1c'h
‘are difficult ta’obtatn dn- single crystal form. One Brillouin spectro-

scopic study of ice prior to the present work:has been reported.’’

S ot
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The t was aimed at an-anomalyin the tempera-

‘ S, L e
ture dependence of the eldstic moduli of ice st low temperatures:

and Objectives of r.h‘e Present Work -

The p:xncxpd objéctive of t]\e present work is to ‘medsure the

Elastic moduli uf areteictal land natiral ice samples by Brillouin

* spectroscopy, By applying . undforp uperlmen:al technlque to dce

. sanples from different soirces, possihle sumple—to—smpl: vatiation

in the elastic moduli can be,idéntified! The mer_hod of Brillouin

spéctroscopy is particulacly well suited ta’such & study. The three '
principal advam:ages nf this method, to be’ discussed belw, relate to
(1) Anherently good p:eciaion 'in measurement; (11) relative.simplicity

of ‘identification and evaluation of systematie error; and (111)~ﬁgh1y

localized region of observation.

¢ (0))MHe présiatsn 6F samd velocty. measurements obtained by

Brillouir pectr is lnherently Limited only by the

precision with which the frequency’shifts of ‘the Brillouin .components ~

..can be measured. With the optical setup used in the present work, -

uncertainties of a few teattie ‘of one per.cent i fréquency shift
‘measurement are typical (see, Chapters 3 and %. The reswitant uncer-
tataty in velocity conpares Wa11 @I e fusstealatins typical -of

acmlst:ld. (see Sec. 6.3). The

L ; o 2
‘prinary’ advantage of Brillouin spéctroscopy ldes, however, in the

“ease with which lirge numbets of acoustic veloéity measurements &t

ing of a tnnsdnce to r.ha sample 1s not required, a alngle crystal |

can'be rotated to & large auibet of arbitrary orientations and the

sound velocity 1a crystal directions i d.-
ol -

1 different cryséauognphm otienta:iuns can be obtatned. * Stace bond- mifi:




‘detatl in most instances.

varied readily and controlled accurately (see Chapters 4 and 5.

Furthermore, ‘the velocities of one or two or sometimes three acoustic
components can bé measured simultaneously in-one:direction from one

. |
Brillouin spectr 1, a good 1 of

somd velogity measutanenu over cfystal ox‘ienutiona 15 btained.
. (41) 'In contrast to the precision (relxtivs-_ unceuai.ncy), YJle

accuracy (absol\uze uncertainty) of.a set of Brillouin spectroscopic,

 sound velocity measureménts depends on ‘several: terms appearing in the

Brulouin equation (see Sac. 3.3). Uncertainty in any of these' terms

can'lead to systematic error. However, due to the mathematical simpli-
city. of the Brillouin equation and the physical simpll:ity of the .

paraneters included in that equatiul’l, systematic error can be readily

This a potential

and relln'hI‘y evaluated DV.EK‘
conventilonal acoustic techniques where sources of systematic errot méy
be subtle dnd hence difficulé to estimate accurately (sse Sec, 6.3).
‘Accordingly. it is amv‘ang the primary objectives of the present uork to
carzy out-a‘thorough and reliable determination of J?cerka'inty 1\5 the,
measurenents ‘obtained. . Thé error analyses accompanying previously
reported values I;f the aiastic'mcduli of ice are decidedly lacking in
This nakes conpatison among the various
quoted results somewhat dubious. J

L(111) A bighly TocaliZed regipn -of obssrvation is inherent ia

the method of Brillouin spectroscopy. The Teglon of the sample within

which the elastic moduli ‘are actually measured lies at the intersection -

BE e TREAEEE BAGH puth-ad UHE RE0S of Ne-opt el dgtectise s;'st ’
The location of this region (much Less fham 1 nm:? B L) s be.
h“g:
the samples studied can be small and cumpletely trregular in “hape.




\ N ;. 5§ .
Minimal sample preparation (see Sec. 4.2) is required. .Perhaps
the greatest advantage, hovever, lies in dealfng with heterogeneous

patural. ice samples.. -Conventional acoustic.techuiques typically

Saqulearsimplin considerably greater than 1.cn> 1n-volune, The

measured elastic prapertius then represent an average over the entire

sample volume. . If 1m:1usiuns are present, ‘the resultant values for |

1 /v of

r.he #lasrte moduld W1l not

ke 1ce mtrix, but rat!fer will be detemirm part by'the stebs;

shapes, content ‘and distribution of the inclusions. Such data may;
of coursé, be bf m:,ensc, but ‘i clearly subject: to saitple-to-sample
“variation. : Interprecation of the data will ult{mately require 4
description of the elastic properties of ‘the ice matrix, vhich may ‘or
may not vary ‘fr.mn one sample to another, It is an objective of the
present work to measure, the elastic prope}des of the ice matrik in.a
sol bf, listerogelisous asa fod, “THishih podsible with:Brillowts -
. spectroscipy aince the region of ‘observation caq b hgke £, aeta
the various inclusions preseat in the sample. .’ P
i Vit i Hadnoria Aabed ibave, WacA11SN atuidy of ihe SIRaRLE
properties of the ice matrix in heterogeneous. natural ice has ot been
reported ‘previously. Estimates of these elastic properties h‘aya,
weve,, bRATIEcerted ny, eitrapopatian of_curves”showing the depend-
encé of the isotropic (pulyc:ystalitne) elastic moduli on porosity.
“The ‘zero pozaal};y intercept of these curves has been interpreted to
yield the élastic moduli of the ice matrix. ..Similar x\easo'ning hag
itequently been applied to other nonelastic sechanicalr Fropcrtils of
hat:zegenus dce. A review of the theory and experimental results

B
‘can be found in the article by Weeks and Aasgr and in d{e artitle by
% ’ R




sl
3 |

[
“Sehwarz and Weeks.”®
With precise measirements of the elastic moduli-of homogeneous mono-

In general’detailed comparison of such results!

crystalline pure ice is not possible. Rough comparison suggests that
‘ . . . > ]
{ - the'elastic properties of the ice matrix in sea ice resemble those of

\ .
fresh ater 4021 Uncertatnty of the order of 10%.to 207 extsts 1

ma.k.mg the comparisons, however. .
'
The high level of impurities present it ehe cine of - freezihg
i "
‘of ‘sea ice may \noﬂify :he elastie or othér mechanical properties of

the ice matrix, - The pxeclse distribution of impurities within the

microstructuré of sea ice is very difficult to measure and has not

been determined. . It is well known, however, that the process of 3 I
R ) v - |

L 'freesing and sibsequent annealing of ice leads to the reduction of ;

o v " . most {onic impurity concentrations dissolved within the c¥ystal stiic—
ture to.part per million levels (see text ‘by Hobbs” or Sec. 6.1)

' Much less.is kaown, about potential maximum nonequilibrium impupity

concentrations or about the precise mechanism by which impurity ions

“are accommgdated within'the ice crystal structure, The.mechanism of

diffusion of iMpurity ioms or molecules through the ice crystal struc-

ture is also not well understood:’ This leaves open the possibility

of relatively high concentrations of impurities in the ice matrix in

sea ice due to diffusion from mearby regions of brine accumulation.
£ 4 ! . ‘

11y at the'm of

Studies aimed

accommodatjon of ‘impurities in ice have been carried out. Measurements
of the electrical properties of ice doped with HF, NH; and NH,F have

shown that these substances'can ‘apparently be incorporsted substitu-

tionally ia the ice crystal structure.’ Concentrations of up to

i . © 4000 ppm by weight of N, F (believed to be the fonic compound most

'
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soluble in ice) can be dissolved in monocrystalline el by freezing
e stirred solutions of Ni,F fn water at uniforn rates.’” The solubtliey
) *and ‘fnéorporation mechanisi of HCL in-ice h-veka investigated by
60 %

Young and Salowon®® vhi: foumd that 7 ppm by wedght HCL could be ey

A solved in monocrystalline lce without clouding the erystals. | Very
gradual freezing rates were rosei; Up to half ‘of the HCI at ke oo

5 $ centration was thought _u; have entered: the cry:'ul structure sub-
uiltt{:‘i.uully. Little w?x.k appears to have been dore on the incor—
poration mechanisns and peak dissolved concentratfons of impurities

in rapidly frozen ice. _The principal reason for this probably lies

in the heterogeneous na:u:u ‘of such samplesi The impurities tend .to
m;m:encra:e. in liquid 1m:1\n‘sions and at the cryuh grain boundaries

. 5 which are invariably present in rapidly frozen ice samples..

Glen points out that because of ‘the open nature of the ice

erystal lattice, the possibility of interstitial accommodarion of

g Saphitty solsculas sastanot b Healacteds Puchaps the best SXperls
mental evidence for this occurrence 1s, provided by the work of Kahane;
Klinger Snd PhilippeS! who noted that 2 &’ (atmosphieric pressure) of

s ; either He or Ne were absorbed into a 1 u’ monocrystalline ice s;ple ®

< ﬁhzs ' (under .an applied pressure of 1.25 x 10 7 ¥/n?). No change 1n <

/ éhe Bulk crystal structure vas noted. The absorbed concentrations

' corzasponded to approximately, 1 solecule of Anert gas for each 570

. wlecylzs “of H,0, % ’

] While the above brief discussion (for a fore extensive review, s

see ‘the text by Hobbs’) 'indicates that a variety of impurities may

. be disdolved in ice in possibly several different ways, ho effort has

yet ‘been made to deternine the effects of impurities on the elastic
A ? b <




. properties: 1; may be nrgued that- the typically low disdolved
impurity e e lead to o negligible, effect on chA

elastic moduli. However, as. noted above there is o definite o

dence that the concenttations ave always low, particilarly dn
rapidly frozen polycrystalline ice. Fur';hgmore. as noted. by Hc;bbs,?
meufi:ies which tend to be excluded from the ice 'crystal stricture
are precisely those which are highly disfuptive to the moleculnr :
.arrangement of ice. Thus such impurities, when present in low con-
ééncruciona, may nevertheless yield significant distortion of the -
overall.crystal structure. = : .

The present work is’'niot specifically a study of the effect

of impuriiies on the elastic moduli of ice: Such'a stidy would’

. lugtually involve measurement of the elastic moduli of frozen ultra- |

pure vater samples tloped with controlled amounts of specific chem:

D &l . eals. What can'be learned from the present work, hovever, is
' whether. the impurities nfwly to be inco_f/pun:ed in ;.ce forming in
the natural environnént have significant effects'on .the elastic
moduli. Tnis result will be of primary interest to those using’
oy " elastic modulus data tn enigindertag npplicatiuns‘
& L 16 »Tbés{s Organization 2 e,

The organization of this thesis is as follows. Chapter 2

= / " deals with two important, aspects of data analysis required in inter-
- preting the results of ‘the Brillouin spectroscopic measurements on

ice. Each of the two ‘sections of Chapter 2 is basically self-

contained'in the semse that the results presented are applicable in

iily

- 3 % processing data from a range of
§ v < "
from’the present experiment. Chapter 3 includes the complete

J
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desciiption of the'experimental”setup used in ‘measuring the elastic -
moduli'of artificial ice along with a description of the technique’and

“'presentation of ‘the results. Chaptér4 describes the techniqie for '

measuring: the elastic iodull of threé.types.of natural ice’and.pre-
.sents’ the méuus. Reference 1s nade to’ Chnp:er 3'for all those’
‘agpects. of the :echnique ind upparn:uu which did not-differ PR

Brillouin at an

used in the: artificlsl ice

‘eetcrystal gxein boundary ia described 4in’ Chapter 5. This chapter

nntnined in terms of the phenomenon studied and.the: discus-
. ‘ston,of the results,. The studies discussed tn Chapter ;5 would' ideally
 have ‘been fgreatly-expanded 10 scope ‘and detail. However, this was mot
possible withinm l:he ‘context of the p:esen: uork chap;er'a cmpare.é
.the Brillouin spec:zoscopic measurenents of the elastlc moduli of ice

both with :hemselves and. with measuresients of other, authors. A com-

"7 pleté tabulation of the derived elastic  propertica of dee 1ikely to'be

utilized in future and’ scd f"'ﬂ applicati 15 nlsn

- included in Chapter 6




CHAPTER 2 T gl ok 5

/ 2 B . g .
= . PROBLEMS OF CRYSTAL'ORTENTATION . - :

ot 2.1 Aw Algorithm for Determining the Orientation of = g i
i " Monocrystalline Samples by the Analysis of ~ . . & o |
© 5 : Laue X-ray Diffraction 'Datl By, .

Lol - The Sridy of misompxc prnperties of single cryu:.!la (for .

i a:mple. elastic px‘oper:ies) often neceasiutes transforming vector 3

or tensor quantities from a laboratory frame of reference into a more’
phystcally meaningful: reference’ frame related to crystal symmetry.

This’ prm:edure refuires knowledge of the orientation of the crystal- '

J.ographic /axes in monocrystalline samples. a useful method of

crystal is the techniqus of Laue x-rdy i

diffraction. This method utilizes a collisated polychronatic *-ray

the orientadun of czystal-

- =5 : Seam vidch, after diffrac(inn within a crysb&lline sample and sub-
equent photographic detection, reveul¥

¢  a . lographic planes in a'1 j Erame of ref Details of the

thecry -and e 1 me:hods'fv quently used in Lave.
12,62,63,64

sdata along with'relevant aspects of ‘elenencary. cry?a\l

Lography 2151165

;can be found in the references.
Laue data’ generally consibt of,the cartesian coordinates of

spots: fored on'a plane”sheet of photographic- film by several dif-

Fracted x-ray beans arising, efrectively, from the u:l.nul:lneous o

apeculat teflectiun of 'the incident. beani- by vatious cl‘ysnllcgtaphic

" planes. o the transmission Laue method, where the' sample-lies e
: 3 i :

~ % between the x-ray source and the camera, the orientation of a

35




. Tothe above transformations; L denotes’ the distance’ from the centre’

 reflécting plane are, given by %y, and 2 vhere :he incident =

X:J 2" .‘fvl "

2xyL (257 - 1)

-1

Pylfa5 e 0

Equivalently: ‘ ] iy .

‘of the: crystal to the filn curfiee, whiip X' and 2!, are’ the cos,
ﬂxdiu:es of a Laue spot measured on tne filn surface relative to
.an origin defined by the potnt'at which the undeflected x-tay. beum

a:rikes the fi].m. The difection copines of the normal to the

beam travels in the positive y-axis directidn and f_he %.and z axes’:
wre Caken to.be: parallal toh the =" aadi. axes, respectively!
b \ B .

The Eirst step in calculating the orientation of & mono- .

"ciyatal from Laue data 14 to establish a cartesian coordinste system '

" 5 s :
Eixed il tha cryatal, Fat'the thras translatlon. vectors defininga
unﬂ‘. cell have coordinates (qn, qlz' “13)' (qu, Qyps d3) and

(‘131' 30 q33) in this eystem. Thed, all crystal Btr\lcture i,nfom—»

tion rélevant to the ptesen: mlysie s contuinad 108545 mhepx

20, wi:h elunents qij ionally; Q fixes the of the:

_ :ux:euiun :aordi.n.lte system relathe to :he \lnit cell axésy.
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ller indices mist ‘ be ausigl\ed to'sll planes gtving rise

to nbserved l.aua spcta in" order to, decemﬂxe -the orientlcion of the

. planes 1in ‘the crystal frame of rdermce. Todex "assignient neces

| s.xu& involves trial and errér, with a sexf—cansisten: lnaignment

‘beihg recognized by wny of ‘the atical el

: below. The augle, 8, between two plaue normals g glven by the . i O

“matrix expressian,

S

a :
don 6= 0y, 1) (g

K o
i : 5 i where’(h k 1) are the Miller indices of plane u and’the D’ denote.

the’ spacing Between adjacent parallel crystallographic plames of .

furm u.”" When the two planes are taken:to have identical muer

¥ fxmﬂceu, cos § =1 and equar.ion (2-3) can be solved far the plau=
spacing, D.
The Ln:erplauar angle, 8 arisig via (2-3) From the ttial

indextng of cwo’planes can be compared wif

the interplanar angle , -

s e “ deternined directly from the Lave data with tHe’ aid' of ‘the trans-

i Sl " formations, (2-2)...If the trial indexing appears vaiid, then a ' ™

third plane can ‘be. indexed according to the matrix équation given

below: /

(2-4)




g Py Myiyy < my gy
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TR Sio ) whete - .y
Lol o W, T

; 2 . ™13, 23, Pl " Mfan| :
' . % 5 & oy : PR (2-4) =
siigh 8B g s il ¥ -, (Cont'dy

5 denota :he M.ﬂler i.miuea nsALgned to plane u. - The equntton

the < nf the :rys:aLspmﬁed !

. the ttinl indexing of pllnea 1 And 2 nnd then, using this nligntst

tion; 1ndexes ‘a third plane.  Three lnterplnnnr dngles, 172,143

‘and 2" 3 can lubaer{uencly'/be cnlcullted from the Mille, mdices -gnd .,

“compated with values detemimed g;m,;hg Laue duta thereby. furclm:

" testing the validity of the: trial indexing. - .

o With three ux more crys:ll Planes corrac:].y indexad, the T

onmcuum of 'the crystal. is over-apecified thus necanu:umg use:

I of aleast lq\ures mettiod In caliulacing the nr:hoguul matrix




s nau) denute the dixsetion cusines fe u; ‘notmal to ,pllne

Y determined, from: a spacifiad letye

Mill T indicss. N s, bhe number uf Laue spnts bei

::untidered .

The | gy are. lculated ul?ng the ﬁuumm give  bel ey

errof aqzliculy ‘in temp of" hie lab-t u-:xvyanl—syu

T x'otatilm ‘

-\ ments,. T,




terua Gt thires 1udependent pnmteu. wi:hfchg ':h':ee pnr'ame:ers~7 .

chosén'to he Eyler unsles. Lt is Taadl.ly dhuwn tlmt the chtee

 first aezxvnuve nf ¥ edual zero and 3 mintnin fo

Tesults when ¥

R satfsfies :hemmux équation:

=Ri'+ ; _g R

V@] /.
S et

>R as' nsw .

¢

! ‘cofactor U,

|process of indexing

suhsequant nrystal planes aftax t6 or more plines have béen indexed.,

: by trial and error: Ié should be noted as a matter of practical -

importance -th ¢ trial and enof 1ndax lalecci n becomes very inefr

ii:iam: and ti.luﬂ:onsuming,

en oh a lnxza couputer, -Af several - !
ymu are to be ‘indexed uhulunacusly umg{e only- tus planes m.g :

nininlm nuziber passible) should have trinl‘ H.l&.let imi’l.cel at lisned

1y, by s '_ al sele i tron Liges. | A thited pmu s

. most. efficimtly hndugd tbmugh eq'ultiun (f-A), while m}uuque_\:,
' plhnes cén'be ndexéd by < via'

culating a rJ:acion




".of the'spot coordinates.

_ generated from the list of all Miller index sets, (B’ k', ié)\‘

* pairs ‘(a! B )/are detemined ftum the (h“ k;;

ind "then using the reldtionship given below: :

Ey x S T )
p{k| = & |y (2-11)
& |as <z . i

In efuation (2-11), (x; y, ) denote the direction cosimes, deter- |
mined from' the Laue data, of the normal “to ch; plane with Miller
indices (h k 1). Use of -equation (2-11) minimizes the risk of *
error'in index sssiganent resulting from scatter in the Lave datal

Equations such as (2-4) and (2-11); which are used to cal<
culate Miller indices from Laue spot coordinates cammot be written
50 a8 to yleld the indices directly in integer form, Rather, index
ratios of :he form (Dh Dk. B1) ‘aée invariably calculated. Further-
_more, these ratios include uncértainty due to error in measurement

) ‘,‘ ‘\ A <

The rm:ius c_an be cuﬂvetted to H111a'( 1ndil:es by uaing the.

fcllnwing procedure. - Let

by pz P

’
(DH/ADK/ADL/A). " L @an-

where: A = max(foh|, [ok|,"[p1])

".Then, the absolute values of p, pz'and By arg arranged in increas-

ing order of magnitude to yield the.ordered.det (m,.n, 1). ' The pair

of ratios (m; n) is subsequently compared With a List of paifs @}ap)

considered . possible to designate observed Lae reflecting planca. The

1p) by arrdnging the-
Tesser itwo of h. /A'\ B |k'/A'|, |1 /A'|

b

m ascending order. The ' -




Au-}. siven by A''S nnx(]hél- lk;|, Ix;l).-

- 5 o \ “vhen the pair (m] n;'.) which ulni.nh'(-—-j 25 (n—-nj')z'hh

n—

5 been located; the set (mf, n}, 1) is réarranged to yield an ordering
" equivalent, in terms of the magnitudes f the elements to that of
the set Upyls Iplulpy ] ). The resulting set now takes the-form
An/sl, %78, 11/8]) vhere Bits an unknom polltive integer. The

Miller indices are £inally ‘given by,

ey = (B"Ihlnl_sgn(i:l) Bt|k/Bloga(p,) 3'[1/8|sgn(py))

E g o PRGN O~ Py o .

e
'
B
. F «
. <, 'The valu of B' is taken to be the smallest positive mtqer yuldhg

s 190
R
-1 <0

% g g / mtegrnl values for %, k'and 1 tn the expression (2-13):

A convenieAt check of the validity of Miller indices

. assigned using the l.bo'_-‘ procedure can be made _by calculating m.'
| A angle, ., between the plae normal specified by the indices: through
i equation (2-6) and the plane normal x, y, 1), determined from the
o7 o7 Lave data. - A

e et 2 x B )
5 b . cosas (my n,a3>[,] ! ) @2-14)
2 k z ], .

“If the value of )4 exceeds a given error 1imit, then it can be assumed

that excesstve errgr occurred in locating spots on the Lae photo~

graph or that the trial indexing leading to the

umed rotation o :
Y marrix was invalid. A A d ! g 1

. L




i = ¥ A
.- _Any algorithn to determine crystal “ortentation by the
methods ‘described above mist include a finite lst of sets of alloved

. uulg: nxugu. The 1ist should contain all sets of Miller indices

vm:h might designate crystal planes hmrtng ‘suffictent x-ray lucter»

1ing power to glvc ‘rise to nbservhhle upuu on a Laue photograph. -
Inclusion of assicy sets of ‘indicas is prefirably avoided.since
thead iniieass, the mumber of possibilities in the trial and efror
‘potition ‘of the dlgorithn and incressa the reqirenents fuz_a;:guz.cy
1in measuring I.nu: spot coordi.m(u. Generally,  lover Miller indices.
denute erystal yhnal of hlgher solecular density and hence shnter
x-ray scattering pover. Thus, an eEFicient. st begiis With sets of .
Yoo Mi1let dndfces (althagh List may be modified by structure factor
considerations). No a priori rule for :amﬂ.nnn.ng the list can bl
stated. This dipinds on the substance being analyzed add on the

" nakure of -the Leve diffraction setup.’ Vhan, for practical asinis,

the 1ist s left incomplete, it may be preferable to omit some Laue

spots in making an initial of c‘ry-:_ai

The omitted spots can subsequently be. indexed u.ﬁu @ longer iadex
Ust along vith o prelintsary eattmace £0r - the appropriate rotation
matrix: B

] A st of alloved Miller h;dicu can be generated from a
much uhur.r.‘:r list of index ratios, (mj ni), defined as l.udim;ed

in the text preceding equation (2-13). ‘The sets, (afs nfs 1) ‘are

converted to sets of integers using a multiplicative constant.and’ the -

. - resulting elements permuted and alternated in gign to yleld all pos-

sible Miller index arrangements. This proudm ruducu the volume of

e nungtil:ll data which must be s;ared when the ulsorm:- is programmed




for mplmmn:xm on a computer. ¢ o B,
The “tnitial trial and efror prnc.ess of ‘selecting Miller
16d18ed Forr vEi E1ree ceyaral Hlans; undbriconetieratios tod ba B

shortened by taking advintage of crystal symmetry. Only the form to

“which the first plane belongs must be specified and any index assign-

_ment ‘lying within this form will give rise to a symmetrically equiva~

lent de of cryatal orie: Evaluation of the plane

spacing, D, providés a useful chedk for the ‘symmetrical equivalence
of two irdex sets. All planes in one form have equal D, although:in

aifew cases the converse of this statément 1is mot true. Coincidental

. equality of. the plane spacing in different forms should be noted -
= o ¢

before using repeated D as a_criterion for rejecting trial indices
selected for ‘a first crystal plane. - Indices selected for a second

plane must be specified exactly. _
7

An algorithm for the of a ye
of .arbitrary symetry from Laue x-ray diffraction data is outlined in
the £lov chart shown in Fig: 2.1. This n1gormm, utilizing the

and 2 above; was’ on a Hewlut’-

Packard 9825 microcomputer. The'routine was then tested dnd vérified
by ;:nlnular.ing"uvllentatians for ian&qmiy oriented ‘samples ofNaCl
(eubie), Bas0, (orehorhonic) and us0,.5H,0' (ericlinic). \Tiienproasdy
has subsequently been translatéd to BASIC.for use on a PDP-11/70
timeshare computer system.* All Laue data arising frnn; the present
vork on ice was'analyzed using the H.P. 9825 orientation program.

The program was also used extensively in calculating erystal

*‘Iranﬁlutiou carried oit by lan Hare, undergfaduate sbudent at
Memorial University of Newfoundland, 1980../
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or Brillouiy on doped argon crystals where, ,
14 many -instancés; ‘the speed and simplicity of ‘the’ analyels wete ' '
st IET I LR EE b te CItE i ey phsa. 5T
Sinilarly, the prbgram facilitated analysis of composite Lae photo-
graphs obtained 1): Connection with the B dce grain Boundary
studies (sce ChapterS) when the incident x-ray beam*intersected both

crystals in a bicrystalline ice sample.

Analysis of Acoustic Data from Hexagonal Mono-
crystals of Unknown Orientation*

Althoigh explicit knowledge of crystal orientatich is highly
desirable in interpreting acoustic data to yleld elastic constants,
it 15 not éesential when a érystalline mediim:possesses hexagonal -
symetry.” Thus, acoustic data fron hexagonal média can be fully

analyzed even if it is tical 'to

crystal or:
as, for instance, in dealing with Brillouin spectroscopic data for

1 grains i

or poly line materials. ~
This can be by first

the usual iald
expressing the velocities of the three independent acoustic modes in
the form indicated below:
; e
25 N R TN N I N
2677 = ky +k, cos’y + [k] - K cos’y + ki cos’y] L e

. L
2. 2 .23 X
2007, =i + I cos’y - 165 - k7 cos’y + k2 cosy1®  (2-16)

2" S 2 &
20V2) = g - Ky coa’y ) (2-17).

In the above equation,p demdtes the density of the,medium vhile V;

. -and Vy, dénote the'velocities of acoustic modes which are predominantly

*A synopsis of this section is ix press.’® .




and Vyy‘1s the.

velocity of a‘purély transyerse acoustic mode with polarization

orthdgonal °to the mode with velocity, V, Y 16" the angle between |

TZ
the sound propagation direction and the c axis of the hexegpnal &
trystnl. The ki ‘have units of pressure und ‘are related to.the five

Hexagonal elastic comstants as indicated below:

Lol it S

= By =) (o egy = 2 egy) - Alegs Hiey)'] o
3 2 & - (2-18)
= [egyer

. 2%
+hlegy - o) (egy ooy = LICAN % e300

pp TR Tt T PR LT

pair of the equauam, (2-15), (1-16) a;.a @-17). Acoustic data con*

sisting ‘of ‘sisultancous velocity neasureiients’ of ‘tvo independent :
acoustic modes propagating in a single crystallographic direction
are required for this gmépeu. Such data, ‘will result, for example; ..

from Brillouin spectroscopic measurements wheze, as 1is usually the

‘case, more thari one Brillouin component 1s observed on a stagle

spectrun.

Accotdingly, equation (2-17) can be sslved for cosly m

Cyleld: ¥ : : 2 v, X

cos?y =g - vZDVﬁ)»/k7 ; . PRRCED))

Equation (2-19) can then be substituted into either of equations

. (2-15).0r (2-16) yielding, after rearranging terms and squaring

It is spparen that the angle'y can be eliminated Erm\$




both sides:

FS,

A

xv-

s, ¥ -'ssxZ 8% S5 .0

- (z—zo»)' -

The “above ‘equation is that of ajhypsibola wheére X denotes zpv vhlle ‘

" along
can bg Linked
: nal:v £ transf
AT {s;

Su

Cq3 54/1 S cl“(s + 1)

Mt F“uv 2.13-“33"“

¥ dériotes “either zpvf1 or 2pv§;
pazu:e branchrs of :he ‘nyperbol The £ive

= c“(ss-l-s \/53) 52 szssl(zs

R [°u

These: 1a::ax tWo components lie

to the five ellnl:ic constanta, Cid' by I:he one=to

ormations given below. | - .. g

8,105,507 145, (558 1.)1") 741465 ~s§<1)']‘

B IO c“)l / Sg

s

: Equivalently: : | nd

=2(cy.

s. ,-ﬁ[(c

Sy:n “11 = “12'* z °M>s -z “lm 55

- s1 =2 °u ““11 “12)(5

: vSalv’.ng equation (2-20) for Y and suming the tug’ foots lelds the

= 2egy megy) ) (ggy = eqp

= N s

1¥Cua) F5E T8

7 ("13 TRy (°11 1572

117%4) Ca3

-2 cu]

41 fnunumg relationsiip anong “Uikes acotstic wodes. propsga:ug in'ihi”

same ctys:allogz‘uphic direction: - }

|
1 +v2 +ss '1‘1’




1 ' ¢ ; T T

Lt el o S R o
! FA]uatl,nh (2-23) 5an be ‘solved for ~zpvz :-and the xeuul:' substituted in
'y equatien (2-20) :o yleld a quadratic eepresmm in the qunnr.icias zpv

and 29v

2 2 - PR 2 : :
YO+ (2485 1/ 8)XY - (25,-5,5./5,)Y + X’ ) s =V
) 5183 D e ey

ey » ; g 5.
= (254-5 s / 53)1;+ Is (5155 szs,,) A/84 48,1

‘In _the above expressian, X denace: 'V while X--denctes ZDV
’

of all Hexigaaal crystai- can be nh:méd

RN The ‘elastic ‘const en

by inverting equation (27 ’20) to-yleld the S, and thm de\:emining the

ey ‘The :nqulrad data are
the bilk-density; p,/and five or more pairs of acoustic veloci!y

via the eer’ of r.ra/rﬁsfomr.ion:, '(2—21)

“In’using the method

v s :
,l’na‘asuremm\t\e thl7fem s V) o (Vs 'rz) :
Y 8f least squaﬂs to dmert (2:20), it 16 “viost. compuuumuy con- =
i “.“ventent ro’ de;dne the sum squared erfor a follous: e e i
2 S i B L
i Xl’ = x[y + 55X1Y - s ‘l - szx + 8 x sll’v ., .7 (228,
“The’ darivatives of )(% are than linear in the. S and those values for :
= the /§; ‘which minimize x1 are given by the closed matrix expression below: it
b (St i)
i i1
\ Boep
! : 2 3
! E sy || B - B
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Whera dats of ‘the fomm (Vg ;) aze to be fncluded, a total
sun squated error 1s conventently deftned by X' = f + X2 with’
33" 2
= ,g{ Q‘j“j’ *. (sslsjyx - (234-5 Sg / 53)(xj+‘13)

(2-27)
AR L 2 b
* [ss(§155 - 5254) /8yt sf])

since 12 ‘has only thires h\deymdent cnefiiciznts, at least two patis

of measurements containing VT must be anlnded along with any measure- -
sents of the forn (V,, V). in order ‘to deternine’ the £1vé elastic |
constants. - The derivatives of (x3 +X2) ‘are not linedr in the 5.

thereby necessitating use of a matrix iteration in ninimizing X. The

below p method in five dimen-
sions®?) can be used for'this purpose. S

™ ™ - T e P
TR N E A S o
13 3,55 Fri fa o 8g) )
¢ ’ 4z J e 24 noy

2 / ]

U 2

R R T

For “increasing m, [S]™ will converge to those values of the sy

minimizing x°, providing [S1° 1 a sufficiently good initial estimate.

Where possible, the preferred method of obtaining the initial estimate

is'to onit data’of the form (7, V;) and then calevlate (510 via

. equation (2-26). It is to obtain 1 conctse |

T e Heiomie oy chemsirixsilineSia 10" equation (2-28).

This ‘procediire is simplified by making the change of varisbles,

55/85 'S} following which x becones a polynomial in’the S 4 The

explicit expressions for the matrix elements enable a*aimple anid




PDP 11/70 compuer. | The progtam was sibsequently {ed to- ditermiine

icd 1n:




ys

B %, o
. 4 THE ELASTIC CONSTANTS OF ARTIFICIALLY .
GROWN ICE SINGLE CRYSTALS* ° - = s

31 comtal Crsth Aguu:un o

-of the eldstic moduli of utiﬁcll} dce couiutod of llln]_l uyﬂlved wialis

growiin a 1 quartz cell. The-sample cell and

| associated cooldng system were initially designed for use in Bril-
" louln scattering studies of £rozen’ cyclohexane and are described in o

detail in a publication associated with thatwork.>® The, siatlaricy f

relevant physical properties bhetween vater and cyclohexane vas
oty that the sample housing apperatus could, be usid in the prasent

_woik without sinificant sodification. Hence, only abrief descrip-

i)

3 5 tion of the systes is includéd here.

. The.sample cell'was the bottom 2 cm of & 3 mm i.d., 5 mavisis
quartz tube, closed gt the bottoa with a polished quartz window.
The tube vas housed in an zucmeépxm;u. eylinder mourited in a

_bearing assembly Hhich nllweﬂ rotation of the cell and housing Ibou(

the Lllbs axis.  This runmm axis coincided with the z dixe:tq.vn

“in the lubnﬂtory frame of reference (see Fig. 3.1) and with the
dmcuon of the inctdent laser beam used in nzmuuu spe:t!unwyy. o

P TA lu1‘a on: the outer hn\la!pg ‘indicated the angle of rnmticn of the’

%A synopsis of this chapter has béen published.’’
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.. through an.attached heat' gink.

: iy <
sample to within about .5 degree. -The samplé’ cell was cooled by two
brass clips encircling the quartz tube at 1ts bottém and at a potnt,

" 2 cn abhve the bottom, The lips were ‘connected via copper braids to

‘a th&rmoelectric module which.was, in turu, cooled by water flnwing

| The tmp.eratu;'e Gf the clip at" th bottom of the cell was;
monitored with a Gad ‘temperature-gensing diodé. - The output of the
diodé was used to control heaters on' the top and botton clips through .
a'teed-back Firéite (Lakeshore' DTC 500) which régulated the tempera-
ture at the bottom clip to within .1%: A difserential thernocouple ’
wis' dbed to meagure the cmpexamu -difference between the top and .
bottom tlips. This temperature.difference and hence the thermal
gradtént along.the cell was controlled with a'potentioneter which
divided the heater current supply between'the upper and lower tdibais

The absolute temperature of the sample vas_determined b;rv

caldbration of ihe Gahs diode. Distilled vater was frosen in the

sample: cell and then telted until the solid-1iquid boundary was

- located midvay between thie two brass.clips, in thé approximate region

where Brillouln scattering was subsequently to be observed. The .
‘temperature axfiergnce between the tap and bottom clips was set at -
leas than .5°C with the fop clip being “slightly varnér.” This enpefa-
ture difference equalled that which existed during the rsconcfxng ufj-v

the Brillouin spectra. The voltagé across. the :empernture—aensing

d1ode " thereby cor to a sample nf 0., A rela-

5
‘tive calibration curve for the. GaAs diodq was subsequently used to

determine’ the appropiiate voltage readings for mearby temperatures.

in sawple |




’ | )
A vemperiture ‘of -3°c was’ chosen For ‘the Artlﬂcinl dce
samples used in u\e detemmtian of ‘elastic noduli. The pxi‘nmpnl

. i
J reason for choosi.ng a sanple temperature near the fm.mg point was &
53 ) (

il to mintnize stress from themal
between the ice erystal and the quartz cell datia, Furr.hemxs, the
temperature calibration was most, accurate near o°c anil - vallue Eory :
the refractive index 6f ice, required in analysis of the Brulauin 7
data, vas quoted for ~3°C: Ex;wselecced sample temperature lay within.

the range of o ty with the oceur~

Tence of ice'in the natural enviromment. Thus direet extension of | . *l
the present results to include natural ice is stmplified.
The ;}.cez ‘samples uéed 1n the Brillouin measurements were . .-
o : '7'\ doubly di\s:ﬂlad and had a conductivity of 1. 07 x 1072 (m)'l and a
PH Of 5.9 prior to freezfng’ - The significant cnnduu:tvi:y (300

times greater than that of melted ice samples used in elastic moduli

determination by Dant1®®) and slightly low pH (pH of 6.8 for sample
! : ' used by Danc1%%) vere probably due to an aqédlibrium concentration of &
' | =00, diosolved in the ‘water at atmospheric pressure. Dissolved gases

were cle;rly present in the initial distilled sample’'as indicated

by the numerous bubbles given off during freezing. Continuous pump~
i .. ing during the freezing process maintained a pressuré not exceeding
YT the equilibriun’vapour pressure of vater above :he sample, thus”

. ading in the renoval of dlgsolved gascs. Anslysiu of the melt-

water fron the ice samplés was.not attempted due o their very small

. 3 W
volume and the of £ gases dur-  ° :

ing” handlisg.
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“3i2 Cryétal Growth Procedure gy
J . " - Careful procedures wére used-to.grow good quuucy single

5 i 1]
crystals of ‘ice in the Brilloujn scattering cell, A 3 cm high column

of the doubly distilled, filtered water was injected into the bottom -

of the quartz tube using a thin plastic tube attached to a syringe.

Both items were rinsed thoroughly with distilled water prior to use. .
The minimal p:esen(%"“of dust in the water sample in the cell was

best indicated by the difficulty in nbta‘ining ice nucleation. Often,
the maximum caonng_po};er of the chemuguuc modules, yielding a

" ‘temperatire close to -20°C,.was insufficient to solidify the sample.

Waiting periods of sgv:ral hours were frequently required before
nucleation occurred although the process was greatly accelerated
through thie installation of a powerful 60 Hz vibrator p R S,
|’ ing stand supporting the sample hvusing‘ !
! - * . The'infcial freezing of ‘the supercooled water sample ylelded

y . an optically flaved polycrystalline ice sample filling the em:i‘(e

*cell,. The tesperature was then raised to rear the freezing point and
A "~ i Ak e R el em:i:aly o e £ Heiter Exbeey
yieXdLFlg a umm thermal gradient nlmg the cell. This cauged

;. 14 » melting of [ e entire sample except for a layer less than ‘-5 mm
thick on the bottom window of the céll. This thin 1cg'.iay=g vas

4 annealed for a time period not less than 6 hours until inspection

. "
” :through crossed polaroid Filters indicated that it was monocrystal-,

11ne and free from any ‘visible impérfections. The thermal gradient

"and cel1 > were then i reduced in gradual’

i+ ' ‘steps causing the ice crybtal to grow up the cell at the rate of

e “about 2 mm per hour, , During grouth, the crystal was checked
e




periodically both visually through crossed polaroids and by Laue
x-ray diffraction to ensure complete absence of flaws. If flaws

appeared, the sample was remelted and the growth procedure repeated.

Vhen the sample temperature reached -3°C and, the thérmal gradient

‘reached a value to'a differ-

ence.of less than, .5°C between.the top and.bottom clips, the growth

*procedure was concluded. * By'this time a perfectly clear single-

crystal filled the entire cell.

o 3.3 'Ice Crystal Orientation

Laue x-ray diffraction photographs were used to verify the

crystal quality of the ice sampled and to determine the orientation

. —
of their crystal axes in the Laboratory frame of
The photographs, were obtained using a Philips (MG'101) x-ray sodrce,

a lead collimator and a Polarold XR-7 Land diffraction cavera. The

-x-ray source; collimator and camera were aligned along the axis of

the optical system used to collect scattered light. The distance
from the £ilm surface in the x-ray camera to the centrd of the
 sapple cell ws 8.7 cm. 2
Disrupted or strained fce crystals were indicn;ted by Laue
spots which were small of irregular in shape or sneared or split
into. ﬂne or more parts. Good quality single crystals yielded ovnl

shaped Laue spots of unlfom sizepAct , the

Laue photographs provided'a basis £, gelecting those crystals suit—
able for use dn the Brillouin scattering experiments. = -

‘The of the ice mo tals were caleulated

from Laue photographs using the methods' described in Chapter 2.,

Spot positions were measured by ovérlaying the photographs with'a




finely ruled rectamgular grid. The Cartesian coordinates of the
centres of thé diffracted spots vere thefeby determined to within“am
uncertainty of about .5 mm, corresponding to an angular uncertainty

: i
of .about .3°. The required matrix, Q (see Sec. 2.1), defining the
b 2 . dce crystal

and the, of a Cartesi

doordinating systen fixed with respect to the crystallographic axes

vas taken to be the matrix given below. !

) E 1 -.57735 0

e o 1aser0 0 ' : LGy

0 o 1.881

The above matrix specifies hexagonal crystal structure with a c/a
5 » PSans ~
(mcxo of 1.629. The unit vectors, 1, § and & of the Cartesian cor

N ‘ordinate system fixed.in the crysfal are mormal to thd (;ou)‘,"{go) :

and (001) crystal planes respestively. .
. 4 i No a priori 1ist of crystal forms likely to give rise to
observable spots on Laue’ diffraction photogfaphs from ice was avail-

ablé. The list was thus created by trial and error and is given 4
below.. In order of; o

of

forms yield- -
ing observed spots on the 29 analyzed Laue_ photogtaphs cbtained from-

5 4 ‘artificial ice crystals were: {011}, {013},.{021}, {123}, {112},
i :

~{o2s}, {012}, {oisk, {010}, {110}, {121}, {120}, {032}, {oo1}, {i22}, = - ,.
‘ U toesY, {111)1 i ! : :

The input data for the HP 9825 prggram for determining

crystal

of the

matrix, Q, and list of
forms given above, along with the distance from the crystal to- the
- x-ray.£1lm and the

coordinates of the Laue spots. ’@qm data

>
B S ansi =
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consiated of the least -squares rotation ma:t!.x, R, defined as in

equation (2- 6) alnng u1d| a set of Euler ungles punme:erumg R, a. |
* st of Miller indices for each Laue opot and caleulatéd éoordinates

for ‘aatts pot ‘detarutued £rom the indextng and the least squares rota-

66

zion_mr.rlx. ‘The Euler angles ~ were defined so as to parameterize
- |

the rotation matrix in the manner indicated Below:

R= |‘ goiny-singe Vo (3-2)
L singsing _ ~cos¢sing 1 cosp
’ 3 With the above parametrization of R, the angle between the crystal c

-axis and the labpratory frame z axis is given by 8 while the angle
between the c axis projected on the x-y planme and the.y axis (do—

ordinates denote laboratory frame) is given by ¢. Hence, rotation

of éne sample about the axis by the (1ab y

frmnp_ 2 axts) varied ¢ in direct cobrespondence with the ¢ fangleof

rotation vhile leaving § and y unchanged. f 5
The 1ncldem: laser beam, used for Brillouin !pec:tosl:upy

travelled in the positive direetion along the laboratory frawe'z axis

* while; the scattered light Observed by the collecting opties tnvelled

i

A the positive direction along the laboratory frame y axis. .Thus,

phonons giving rise to observed Brillou‘ln scattering had wave-
s

vectors with diréction cosines *(u, 2%, 27 and made an engle:

Y £ cos 1[(cos¢me+nnsa)/z“l vith the cryatal.c exis. ' Values of Y|
were calculated from the cryst.nl orientscions and used ln fit:ing

= § o i elastic’ cobgtants to the Brillodfn spectroscopic aslnd velocity
& : i

Stnce a well it depended on'a’ good *
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astributdion of 'Y values, an initial determination of crystal orienta-
tion.was used in:selecting subsequent angles.of rotation of the,
sample cell which yielded widely dfstributed y.

3.4 Optical and Data Acquisition. System

The basic layout of the optical system used in obtaining .
i = X nnueum_sﬁeéua fron theica sanples 1s 1llustrated in Fig. 3:1: S
The system has been described in detuilv 1in previous publica-
i " t10ns™2233:34:35:36 4d hence only @ brief description of the princi-
-pal components follows. ' The incident light source was a single mode
argon ‘don laser iSpectn Physics 165-08) pmviding o bresscoEnETes

about 100 ‘mW at a wavelength, A, of 5.145 x 107

. - The éffective
width of the laser line was approximately 5 Miz. 'The laser light

was focused neéar the scattering volume in the ice sample.by a lens
(focal length = 25.4 cn) and was deflected upvards through 90° by a

mirror. Translation of this mirror in the direction of the incident

beam’ (parallel to x axis) moved the reflected beam across the axis
“/ of the optics and facilitated precise a of the
i sf ineident beam with the point in'the sample being observed. This ¥

aligoment was checked and correcteq from time'to time using a thin

card in the position notmally occupied by the sample and defining

the axis of the collecting optics with a He-Ne laser beam passed p i
through the x-ray collimator.’ Slight error in the positioning of 4

the incident beam ylelded a greatly reduced intemsity of observed
PR ' ‘ B’ o i
Brillouin Bcattering.-

The angle between the’ incident, bean and the axis of the col-

Rl @
lecting optics corresponded to the angle through which the incident :
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bean was deviated by obseryed Brillouin scattering. This angle, &,
appem.ng in the Brillouin squation, was set equal to 90° by using a

pentayrism to reflet the frcident beam.along the.path of the He-NG

bean. - The faty in o d by this wvas ‘esti-

mated to be

The light scattered from the sample was ¢ollimated by-a lems

(focal Yength = 40 cm) before being analyzed by.a piezoelectrically

scanned triple-pass Fabry-Perot int (Burledgh
Inc. model RC-110). The angular radius of the cone of light reaching
the interferometer vas limited by an aperture to about .5°. The
interférometer utilized 93% reflectivity plates, flat to within
/200, “and typically yielded a finesse (satio, of free spectral range
to- Eséwe§{zux half width) better than 50.  The magnitude. of the
iu},spgc:zal range (frequency separation between adjacent orders)

was ined by precise m of the plate

nmum}zw bé 11,101 GHz with angertaiuty smalle than iR
The voltage rabp used to repetitively scan the interferometer
s provided by & FEViEh, TS Inc. DAS 1 (pata Acquisition
and Stabilizatfon) aysten. The DAS unit dncluded a digital sawtooth
. vaveforn generator and high voltage amplifier, along with a 1024
hunia myltichannel analyzer for data storage and display, and two
independent- electrénic stabilization systens. . The respective
. stabilization modules utilized megative feedback circuitry to com-
pensate for drift in 1aser frequency or Fabry—l’emt plate scparation
‘and to matntain optinally. perallel plate alignment for indefinite
tine periods. ‘The system made’ pamble ity ‘eontdnions spectral

acn\lmulﬂti.uu times, . :
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The spectral d;rayw‘um accumilated 1n the multichannel
analyzer in the form of photon’count versus chanriel mumber. The
phm;on’cm.mi corresponded to 1ight transuitted by the: interferometer;
detected by a photomultiplicr eube (1T £/ 130) and processed

‘through.an Amp11£1er diseriminator (PAR 1120) See Fig. 3.1. 'The,

channel’ numbet was Ithearly related to the amplitude of the ramp,
waveforn and hence via the separation of the Fabry-Perot plates to
the frequency of the transmitted light.

Mhe DAS gysten included two optional features,’sometimes used
i obtaining or zmalyzil\z Brillouin spectra from ice. A segmented .
time base feature allowed the slope of, the digital amp to, be

raduced over a set interval of channels thereby incieasing:spectral

N ar.cumula:ivn time in the intérval by'a factor between 2 and 99 rela-

tive to the remaining channels. -An arithmetic module incorporating
i thies-point savothing feature alloved sx;nungnepus resetting of
the count in every channel acdording to the formula .[C(I-1) + 2¢(I)
+ G /. 4+C(I) Where C(1) denotes the count in channel husber I.
This, Emr;uth;{lg fudction, which cml‘ld be applied iteratively, reduced

relative scatter among nearby channels and increased apparent signal

< to noise ratio without significantly modifying the shape of spectral

components, providing the number of iterations was small compared

to the half width (expressed in channels)pof the’ spectral comporients.

E{geﬂmental Observations
A total ‘of 30 Brilloutn spectra vere obtained from four emgle

crysr_nls of artificial ice. The' spectral accmlntion tines
averaged” about 6 hours although some spectra vere aceimulated over




time periods- dxceeding 24 hours in order to resolve low intensity

Brillouin by acoustic modes in ice. - .

A eypleal Brillouin spectrun from artificial. ice,.showing'all three
¢ k acoustic components is shown in Fig. 3.2. The 1ncénsx:§. of ‘the un-
s B shifted (laser) component typically exceeded that of thé longitudi- »
nal Brillouin components by a ratio of about 300 to L. This high
| - ratio was primarily the result of the 1nhe;'ently low intensity of
v 4 the Brillouin spectrum of ice. The analogous ratio in the Brillouin
spectrun of methanol, obtained using the same optical setup, was 2 to
: 1. ‘Wnile some of the ‘unshifted light was undoubtedly the Tesult of

. ’ " Rayleigh scattering in dce, the fact that’ the laser beam usﬁ;_ltng K

in the sample was completely invisible indicated that the relative

" contribution from Rayleigh scattering was small. Most of e
i shifted Light was theréfore e AbutaNTa) b Aeay Sa TR G S
the valls of the sample cell. . - ' s B 10
The instrumental linewidth was typically about 0.2’ GHz: and
! : the widths of the transvetse Brillouin components tended not to
differ significantly from this value. The longitudinal compohents
were significantly broadened, however, having widths ranging from

0.3 t00.6 GHz. ‘Some of the broadening was due to the finite rangs . _

in scattering angle for light entering the collecting optics. ‘An
3 ' _ " angulix width of 05° ‘n ¢he done of Iight aduitbed To.th collecting
optics would account for a broadening, via the Brillouin equation,.
R of more than 0.1 GHz in the longitudinal compenents. i dn the
" optics preceding. the ‘in'texfe:!mneter could cauge a wider ‘cone of

'light to be ndmit:ed and hence lead.to further brcadening. 5

This effect upparenzly caused broadening of the components ,

. in several spectra when a thin but irregular film of oil accumulated
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on the oiitside surface of the sample’célly’; The oil drained fromthe

S - heat sink énmpuund used to provide thérmal contact between the.cell

valls and”the brass clips.uhich codled the cell.’ m's well as broaden-

: ing the componienta, 1t reduced the: apparent 1ncensh:y of Briilouin
scattéring and caused. smll abaolibardeviatians in the scattering SR
angle which ‘n turn led.to increased seatter in Iche Brillouin fre-. ;

W . quency shif: measurements: The film wss’removgd before growing.the . . * -

scond of 'the four fte crystals and did m appear. t6 rec& an'\fb'/

) "3{‘\'4 the aimtlarity in values for the widths ok che n:xueu&n and instro-

mentsl lines as wvell as the uncertainty cnused by a significant Tange
. SAT in the scattering angle and the difficulty 4n making precise line-
g 5 "y " slath measurements, ‘o halysis of real Brilldn linewidths vas

carried out'in connection with the present worl

Brillouin spectra were, generally accumldted until the

. Tongitudinal component and o6 “Doth ‘transverse campotients were

sufficiently well zesolved ‘to allow their penk frequenicies to be -

- " desetmtned to within s estinated uncertataty of &1 .channel. Since

: one free. spectral range corresp to about 390" chantiels, this wap

equivalent fo 'an uicerfainty of .03 Gilz in the frequency shift

B N . measurements. 2 5, 4 X )

Pl s Because the Erequancy shifts of the lnngi:udiml cumpnnghts,

- averaging al out 137 CHz, exceeded the spectral free xange’, the T

) # courponenl:! overlap iato the Adjuenttul'der The ‘requency smfu

of ‘the transverse conponents, nver.ngins about 7.0 Gaz, exneed oz,

of ‘the sputtll free raige. Ile\\ce,’t:mvezue mmpm\emr.l are

Ko associated with the more distent of the two udjncen; unshifted com

- 2 ponents. Thgae'xel‘tiunahipu are indicated m»g:g. 3.2 and rmvi.nefl
- - " o S

i
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the work here and"in the following

" chapters. N : ¥

The pxmm.n npecr_ra frog artificial ice facluded & signifi-" " ¢

cant background component” urislng frum a cm}inatinn of sw:rll

‘sources. Photomultiplier dark count (about 1 -count/second) ‘gengrally

’acl:uuntad for less :han lOZ of the hn‘ckérolmd. The largest cnnttibu—

tion appem-ed to' come; fron”the' very broad but’ ra]atlvaly intense "

Reman m :h: ice spect; Resian o made the .

1incident laser beain m the u; erystal clzarly visible u'han ‘viewed
i
through an orange coloured glass filter. When recording many of thé <.

L Bpectra. an; inl’.el'fezence filter with a 10 CHz blndplsl canc:sd at

the Laser: frequ?.ncy uwﬂn plaoed between the ,sample and the hterferm-
eter, ta bloch the !Tmun -can:ezed lishL. .However, uge of :he £ilter”

also. xeduced the obgerved Briliciin 1n:enll‘r.y by more thas bue third -

o vas' chus ot .1d.y. an advan . Anotter

tion'to bnck_grmmd cmmr, umlud Ehon stray laser Light or room

“Light -from ‘other squrces étch bypassed thé interferometer and i

11ldninated the directly.. 5

were taken to mininize sources ,:' exmnen'us ighe.. -

The finite cnntrust of the Yubry-l’erot interferometer gava

g “
! rise fo a curvature in'the hackgtound spebtrum between the unshifted

camponenta- Hmlewt, ldth the usually ohsewed lntensity rutin of

:hg \mahlftzcl components telutive to’ the. Brulouln nmpnnents i

“the’ ‘spectra fron 1 ice, " ire’ due 'to finite

contrast was gt 1 ant when ig. the 1 in
& : ¢ .

.tHe triple pass notLe.




. of these equationa.is of the fum,

Acoustic propagation velocities vere derérmined from fhe Frequency

. .shift measurements via the Brillouin equation (equation (1-3)).

Hence, vnlues Eor lhe three lidest coefficients A, 1/n and: 1/sin(a/2)
gerepenuired stk anuysu.af the Brilloutn data ..

The- Laser wavelength’ 1 vas 5.145 % 167 m ith negligtble
u.ncer:amy. The scagtering angle o ves 90° £.2° yielding a value

of 1.4142¢ /17% for the, :hm llsin(ull) The refractive index n of

a ! X
of Blastic Co an? ; .
(o - e . & .
- The 30 Bedlloutn spectra obtataed fron 4 amgqm ctystils of
y ntificul ice at 3%, yielded 65 Brilluuin frequency shift measure:
ments. 'l'hese are tabulated versus crymx Velinearion Table 3.1,

. & ;
see at "0 £or. Light of vavelength 5.145 % 107 m was deterained by

linear interpolation from values given in' the International Ciitical
Tables./} The index vas taken.to be n = 1.312"+ /001, vhere the
uncertainty is included pmm—u'y to. account for /the very slight

birefringence (n = 1. 3117 +..0003, n® = 1.3131 £.0003)° of m&oml

"fce. The effect of blrefringence on the Brillouin spectra appearéd

negliglble. |, The coefficient - 1/n had a yalue of 0,762 % -08%.
mua:u ‘velocity V and Btiliouin frequency mf: . vere jthus:related

by the equatton given below (m k s units);

Uy s x 107 £ ope (3-3)

\
The vel‘ocxuea of ‘the’ three acoustic ‘modes. in hexagonal media are
rexu:ed to denu!.r.y, P p:npaga:/(on dire:tinn. ¥, -and the elastic’

constants, © e the aq\latiunl (2-15), @2-16) &

r d“ (2—17) : " Each

Jo L e coa’y) = z{;v?

Py




‘° 1 : 3 TABLE 3.1 .

BRILLOUIN SPECTROSCOPIC DATA FOR ARTIFICIAL' ic

71

Euler .Angles (deg.) Y(deg.) Brillouin Frequency Shifts.(Ciz)
5 ;] ¢ 8- ¥ o L =
60:7 . 67.9° 541 13.49 - -
o 79.5  68.1 67.5 13.68 - o2
Y 38.9 685 39.5° 1362 . 6.62 -
: == 13.8", 68.5 26,1 1374 6.49 . T.24
' 106.4 68.0 85.4 14,00 - .60
93,8 . 67.7: 77.0 13.68° - 6.76
: 48,7 68.2° ds)e 13.34 - - ) ;
; - 128.5+ 68.0 . 32.7 13.71 6.56 . = K
: . : 3.5 .68.7 =N 14,08 % 6.56 = .
£y 8 ¥ 84.9  67.4 8L.1'..70.7 13.86 - 704 .
: 23 72.8" 67.3 .81.8 62.2° - 13.73 - 7.40 )
i - 5416 67.9° B81.7. 49.8%  13.56 a s "
i 43ls 8.0 2.0 . 42.2° 13.56 = -
; 21.6 -68.2, . 82.1 & 29.2 I 13.92
: 105.2 68.0 : 81.0 = .84.7 13:80"
197.3 114.4 247.0. ' 24.9 13.98
23,5 |14.7 7.9 . 40.4 13.59
248.4° 115.0 - 248.0  57.7 13.52
258.0 115.1 248.2  64.3 13.64
275.5,°115.3 '248.7  .76.1 13.81
3.8 - 58.9 ' 268,97 14.2 < .0 1425 . 652 -
19.6  58.5  249.0 - 20.4 14,14 6,54 7.03
42.0 . -58.0° 48,4 34.9 13.70 - 7.61
53.7. 57.8. ‘248.4 .43.1 . 1358 - 285
67.9' 57.6 248.1.. 52.9 .~ 13.51  6.79 . 7.69 S
79.9  57.6.™247.5 . 61.1 13.61 . 6.81 7.37
277.8 95,1 9L.8 . 89.7. 13.91 - 6,46
277.8°. 98.1 ' 91.8 -~ 89.7 13,92 - 6.46
7.6 98.8 92.0 B4l  13.90 6.90 ' 6.537 ;
326.6 . 98.9 .92.3 . 66.5 13.66 . 683 721 b B




Where £'= £ £, With £ betng linear in the'elastic constants and
i 4 1

f: belng -a nixed quadratic in the clastic constants, ' Hence values
"obtated for the ‘elsstic constants'by inverting (2:15), (2:16) and
/ B, (2-17) depend 1inearly on the density and on the squares of the Bril- .
g loutn frequency shifts. | . vz o e g 4
The density of Ycé at =3°C was taken o be 917.5 +.1.5 kg/u3,
based on several valies givén-in the literature. These values shoved
. F o small’dependence Vg the purity, age, and crystul. quau:'y‘of a given
pampré and on the, method of measuxement. A review of ice densny
" ¢ meask;rem'ems prior to 1940, along.i wm; a cmmenc on thedr variability,
) / can be'found fn che text by Dorsey.? Further coments on variations
T in e denstiy ave given by Dt o Gdgeca, 3 Wb atiie ehat
density tends ts, deeruse q{ﬁa sample age (see also Sec. 1:3x).
Butkovith, 43 however, suggeits that vhile tiny recognizable varis- *
_flons exist, the ‘density of niform, optically clear ice is'basically
.constant. - .
The density value qioted s the gueernatiomal Critjcal Tablea’t o
for tiaraes 0°. 18 916.8'%.5 ke/m®. Aq experirent utilizing the W 4
Bunsen Iée Talorimeter yielded.a value of 916.71'4 .05 kg/m for t
44

Lo, density.of  freéhly forned pu1ycrymuxne tee at %44 specttic

gravity ements (by in2, 2, & y ) on
-sevéral high quality ufnouymu of pure ice fm the. Hendenhall
v Glsclex gave. an average value of 917.18 lq/m for' r.lm “density at

—3.5°c 43 - g x-ray erystallographic detemilul:iqn of the fatetce 3

§
i
i

‘parameters’ of tiny fce crys:uls Erouﬂ ftm droplets of dmuied

“ater tsplied's density of 918.7 &7 xig/n’ ar ~10%.72 Tanle 3.2

was forned by correcting eath of the four density values mentioned - -

e
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above' to the value apprﬂptiate) for ~3°C using the thermal expansion’
data of Butkovich'® (see’ equation (-1)). The denstty value chosen

for use in the present analysis includes sufficient unterminty to

. encompass all reliable publlshed measurements. TM value is biaazd

slightly above the mean ‘of the values in Table 3.2 in view of the
observation of Dantl and Gregora®” regarding che greater density of

freshly formed ice slmples. N . .

The .16% uncertainty alioved in the density of 1ce] combined

With the dbve detemined uncertainties in scattering angle and

refractive/index; yielded a systémitic uncertainty of -+ .41% in

values of V% and hence in'values of the elastic constants deter-

nined from the Brillouin data. Further (nonsystemitic)uncertainty

in the elastic constants resulted from error in the measurement of.

Brilloutn frequency shifts, slight.variations' in the scattering anglé :

and uncertainty in the orientations of the Exprdle) Thdronbinal
eEféct of these uncertalnties vds lnclndggl in an empirical error
term; cdleulated for each individual elastic comstsnt via the lesst
squares Fit' routine discussed belo. " The dynani:c elastic moduli of
mmwcryumlling a::xﬂ:iﬂ 1ice at -3°C were deternined by Brillouin
spectroacopy to havé the fnnsyi.ng values.. The uicettainty has been

divided  into its and

€y 13696 £ 153

gy 69.66 % 507 . w
i3 = 628 37K 0% s LamNm
€3 = 14702 20




3 mnn:mt-.

The elastic constants listed above represent a least squares
" fit to the 65 Brillouin frequency shift measurements 1isted in Table

3.1. The rélevant sum squared error term, xz_ 1s defided in equation

(3-5):
B Ay ens n““'ix op? 5%
= ek L = “k? - w
ey v o b = - )

n"‘“" denotes

In the above equatiof, N denotes the total number of frequency shift
‘murmnta, ¥-5 i Fie umber of desrees of frdedon,

the k'th measufed frequency shift while n'"“' denotes frequency

shift calculated via'the Brillouin equltlon mx gquatian (2~1s) or

(2—16) or (2-17) for the appropriate acoustic mode yxapagndng with

mgle Y relative to the ¢ axis of an ice grystal with namnd elanun

ey The u‘undaz'd deviation of ‘the k'th frequency sh:Lft
mml:_nt 19 given by g .

{kn existing YORTRAN program’wis used to mininize ¥ as a
function of the five elsstic constants. The prograp had bosn-dasd? ;
previously.in the analysis of Brillouta data from several heugomn

_ substances and vas du:xi.bed fa the :tuu by Landheer.”% Its princi-
pal features tucludad a modified neuton-naph.an iteration for (Ln‘uxg

the zeros of the first derivatives of X', along with an amalytic

. ; S

routine for- deteriiining the propagation of error. The error amalysis

required reasonsble estinates for the values of thi standard devia-

.tions," 0,

;o ‘Sitce there vas' no clear criterion for estimatifg a

~sdeparate vylue for each BriTloutn' spectrim, sinflar spectra were, .

assimed to yield 4 in shift measure-

: ments.. Au.ordingly, the -pem-. were divided frito tvo group




- chapter (sea also chapcer 6).

first of these comprising ;pectra. from the first ice crystal, and
thinzwacondiicompr ol spectedEronibie thee wibbegiuns Eryutais,
Variatirm/s in scattering angle caused by the 911‘ £11h mentioned: in
thie previous section yielded significantly mreasequr in fre-
quency shifts detérnined from the first crystal. '

The standard. deviations in the frequency shift measurements

- were cBlclAated empirically, using’the statistical cliterinn ﬂm( x

have an expectation value of unity when 0, 20.= one standard devia-

. ) E g .
tion. A separate fit was required. for data from each of the two

E ginups of spectra. ‘The empirical standard deviation for frequency

shift data frvm the. fitst crystal was fnu‘nd tu be 1093 GHz. This

. valie significantly exceeded probable error due to dnprecise mex;nxe«

ment of the peak frequencles (.03 GHz or 1 channel) and thua prlmarily

reflected variations if the scactering angle. The mplriu‘l stundard

deviation for frequency shift data from r.he subsequent” three -u—y’nau

was found to be 026 GHz.' A ‘final si-mull:anenus 'lgast squates fit to

both sets of data, veighted with r.he acundard

deviations, yielded the elastic, Sonstaues and the nonsy!temar.il: unceér=

tataties quoted above:

To illustrate: thn dlstribu[iﬂn of the. Brillouin data- and-
their relative uncertalnties, curves, of' the form n ve. Y, specified
-by the least squares elastic conntnnts, are plor_ted alcmg with the
experimentnl data nﬂ’ig. 3.3. These curves com letzly daumtne
the’ elﬂs:ic prupe:tles of Xce nnd hznca are lme.d in subuequent_

gl‘nphlwl cmylti&ons of the :115:1: prnperties of .. artliicial ice

- with thos& wf the natufal ice snmples ‘discussed in’ (he follouing




Fig. 3.3.,

Data for artificial ice at -3°C, Medsured Brilloutn

. £requency shifte . (indicated by crosses) and calci- -

lated frequency shifts (indicated by solid curves):
versus the angle Y between the crystal c (hexagomal)’
axis and the direction of sound’propagation. Heights'
of vertical bars indicate empirical standard-devia~
tién in frequency-shift measurements. cums'
specified by least squares elastic constants

. -equation (2-15) (L), equation (2-16)(T2) and
-@-11) (11) along with Brillouin equation Qe o (3—3)

& /
; /i
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CHAPTER 4 . ’ ) 5
Hae® FE 5 THE_ ELASTIC CONSTANTS OF NATURALLY ' - +
£ " | OCCURRING' TCE, SAMPLES

4,1 ' Seléction of Samples

The three types of nntu!ally occur(hlg ice samples chosen

s 6fmr de:aued study represent three widely diife:mg environments of
"‘tce fornation.. These envirouments, glacial, Erésh water lake and
ocean, yield a'near maximim range in water purity and cxys:él gmwt‘h'
conditions, thereby facilitating likely observation of any varia-
tdons in emuc prnperties among natural ice samples. 3
A '. Thé glactal fee sanple vas taken fron the Hendenhall clacter
3 7.7 'in Maska.  The Mendenball is a tempuate glacier providitg ideal
conditions: for. the grovth and subseiuent amealing of large uaflaved
S miscryatala Tor, Chls'Fadsos; aanplas ot Madennall dce tive
" jeen uéed 1n'a wide fange of ice physical property investigations,’

‘continuing uith the present work.. Prolonged annealing &t the freez—

1ag-polat et meurity conceptrations in neltwater from

i ’ monocrystals of Mendenhall ice to levels resembling those'in dis- k

e11lad vater.” Hence, "crystal qulity and age are the principal -

P fal::orl distingulshlng Mendenhall ice £xom the areigseiiics ‘samples
used fn The éillouin experinent. described {n “the previvus chapter.

' & second type of g1}c1a1 ice, that from an iceberg, was selected for

e Loy
use in a few measurements (resylts noted in Séc. 6.1) but was not

subject to detatled study. ' iy
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- ‘consisting of regloms of ice interspefsed with air bubbles and

Ice crystal: growth' conditions in the f‘res‘hvwa:'et lake
envioimens Ste: consiissabily rore; complin than those existing in
temperate glacic. Rapid temperature changes lead to.varisble and
high freeziﬁg rates andlarge thermal gradients. . This, c}yatal ‘grgin

/ size 4s irregular and oﬂ;en small, thm'. is with linear dimensions
less than one centimetre. Crystals are pmably ot well sinealed
@ temperatures near the Ereering polnt may persiet for only a very -
short tlme_. La!ge VBI‘IB! of ntress in the ice sheet covering a lake
can disrupt ice crystals and crystal growth may be moufged by dis-
solved gaseous and solid impirities iix the vater.  These impurities.’
are 1ikely dispersed throughout the ice crystals ‘since “the migration
a} Ampurity ions 1.; ).nma.:erx at temperatures significantly below the
freezing point, The Brillouin experinent on lake ice was undertaken
to deteml‘ne whether the non-ldeﬂl cxys:al growth comd:l.tionl 1n the
fresh vater' lake environment sodified the elastic’ pme:nes of lake
ice relative to those of. glacial ce. X &4

The ‘high concentration of dissolved lapurities in scean Yater
sive rise to ice crystal growth conditions very- différent from those
‘présent in any fresh water envifomment.  Siice sevefal :ypea'uf 2
tapurity fons are presest in concentrations: far_excieding those which
ney be dispersed uniférly within the ice c(yatals, the' freezing’

sroceasii3!ackmented by, thesmouision oF Hisseitons £ditepions

which have not solidified. The ance is.

1liquid inclusdons dissolyed, and at lower’
temperatures precipitated, impurities. A Brillotin spectrofcopic

deternipation of the elastic soduli‘of local, apparently hozogeneous,

o L

!




-4 g * regions m! a éu ice aample vas undertaken to facilitate reusble

future analysis of the’elastic properties of sea e 1n terhs of the N

elastic prnpertie! of an dce matrix and a-distribution ot b

and liquid inclusigns. < ) .
Samples of }iendenhall ice vere provided by- zh\ Cold Regtons

- Research and Engineex?ng L.ubnratcty (CRREL) of Hannver) Nev Ha Bampahiu. . o

The samples were collected il\ the summzr of 1965 and stared at -35% -
3 es. untdld Ssptember 1979, whereupun they yere shippé‘d by a:h‘ to St.

"y John 8 1f an insu]ated box :‘.Dn'tall\ing sevgral kilexrms of \u‘oken

ele e O e ée for chemax ballast. \Afthnugh the Daxisun temperature of the It
"8 [ tn traneit was not determined, thefr dry surfaces at the time . ©
. i of a:zml mdxmea that _this teimperature ‘was belov 0°C.  Pending "

thedr wuge 'in the Brillosin experiment the samples were stored for 5 o

J i oné. month in_a *isst free:et at appnxmacely -25 c.
7 Alake dce saiiple ‘whi obtained fmn mdy s Pnud, near St * . .l

‘Jolin's, for 'use in-the Brillouin experiments. ‘The snmp,lz vas taken

from ‘the 40 cm thick ice cover near the middle of the lake using af -

ice ‘auger and saw to cut a 10 cu by mﬂ?‘@ déep rectangular
block. renwmg coliection in late February 1979, the sample vas
stored, pendiz ita use g the Brillouin experlment, for five monttis’ . s

ina chest| fteezet at ‘approxinately 25%.

A samyl.e of sea ice collected from’ r.ha Weddell Sea (73 56'. .

S, 42 46" H) Ln tha An:arl:tin was provlded byt CRRELA The. sanp]e

Hu tha bottom 14,3 cm of al. 5 m cute dx‘;llled in what was <haracter-"

: 1z6d ds fixst—yenr columar sea 1c€, aampled at ‘the end of the’ b gl
# 76

firet sumier. m='4emp=:.:uxa Of the awu at the time of ‘col-

luctiomne arwnd -2%to '=3%, Foll.wing collectiondn i .. )
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-mid-February 1980, the sasple was stored at.~17.8°C" for.about two

months while in trassit ‘to,CRREL‘snd lubuq'uend; was m}ed o -
-28.9°C for sbout three months prior o being shipped ta se. John's. @
» The method of -lupgnt was uimhx to th( u-ed for’ the Hendmhll ‘.
icé except that, the tt-nok tine, nearing u hourn, was sunm:
longer. Nevertheless, 1ee chipu .vsed for uuml ballast’ adjacent to

the sample did not fun. Lndicating :hz the. n:nple :‘mpe‘lal\lle upon

nrrlvnl was ledSnthan 0°C, ‘While d aiting its use in the Brillauin

expumenc, the sample was held:for one vaek at .ppzoxm:e1y -15° a3

111 a thést freezer. .- .. .
3 sy g, §

Samle P ioh and : )

Slull ittepxht samples with volume ],en thnn S5 :m md no

l.hur dimension gralter Chln 1 cawere utilized ln the lrlllm!.n

apuqoa‘mit de:arluuthnl of the elum: modili of -the ' three
types of ‘nitural ce. A asmerand Very shaxp steel chisel vere
used o ‘chip the working lnplel from the much larger bulk -qla..
_Twoor three sharp blows yere generally required to extract one
ssmple.  The first. B thiss acparated the simple fru- the. bulk and -
the uccnd or nurd reducad the nnple uunu.ou to . those Al_\mr!.ng

the sampie to be acc atudd by the muoud scattering mLxm. 5

whn\__;) sethods di

poulhly modify eha

ing g small ump.\.. of ucun! fee could

the mwml used'dn
. to minimize this risk. Yo change in.’

apartiea of the ‘saspl

:,\(g pmAenn munm: appea

e, :enpen:ura ‘f the.sample securs, and plastic deioml:l.an -

-vvid;d by applying stress over a fary thork <tise intervall Propags-

uqu of umue fractures thxmh portions of a sample sometines

omneq, but when these were npnd 1n subacquent visul inqecuqnl




_+ (€, €1,-F,) and visually inspected through crossed polarotd llcers .

’mlrn‘(ugll lce c.bip was !.-gt-ed i.n llquld Freon 114
before, belns'-amted for Brillouin Spectroscopy. Freon 114 is

N /
immiscible wifh water, has a. bui)lng point of k°c _and“has a refrac--
tive lndL matching that of ice. ltu/ use thus made pnasxhle detal_led

visual’ lnup:cti.on of samplés with-highly irregular. surfaces.

Furthemmore, evlpontion from samples vu: vith Freon.114 kept their

5\lrfuu £ron reaching the melting point during brief pertody of

v = 0
“héndling dn roon temperature air. Cracks,bubbles, solid inclisions,

other optical imperfections and crystal grain boundaries were noted
-in the course of the visual inspections. Accordingly, only those
samples of ‘optimal \optical quality were selected for use in the.

Brillouin experiments.

The bulk samples and. consequently the selected wt;rki.ng sam-
ples of 1 1ce vere 1line and free of . .
optical s In contrast, the bulk sample of
“lake ice contained air bubbles dispersed throughout its volume.
However, these vere not wil but were
m' tal layers, ’ to 1 of rapid.

freezing, The vorking u-,ﬂe was chipped !ru: a layer of mintmm
bubble density about 4 cm from the botton Of ‘the bulk sample and
included no Vlllbla air bubbles. The lmll appeared clear and of .
_good dptical quality, although some fla were present as evidenced .
by occasional beiaht. scattertng fron pa::\ along the path of the
£ocused laser beam ulﬂ_l‘t.n Brilloutn speé[mcuyy. The sample was . .

bicrystalline, with a flat grain boundary clearly visible through
<




crossed \polaroids and dividing the voluré of the sample in thé

approximate ratio 1:3, -The grain/boundary was invisible in ordipary

light.aad did not appear to scatter laser\radiation. Its presence

was neglected in the Brillouin scatfering measurements by choosing

“~the scattering volume to lie in the larger monocrystal, i few milli-

metres .'fzom\:he grain boundary. . Each of several chips extracted fton
the ice near the elected sample were found t be bir_xystalli‘ne or
polycrystalune‘ This indicated that crystal.grains.in the region
from which the ‘sample was taken had linear dimensions averaging 1 cm
or fess.’ ) .

g TN

The bulk-sample of sea ice. contained a high“density of tiny

air bubbles and other optical Flaws making it translucent éven vhen

‘lewed in sections only 0.5'cm thick. ~In observation through crossed

polarotd filters, most samples chipped from the bulk appeared poly—
crys:alline with gruins of miliimetre dimensions but 4in some casea,

includtpg -that of 'the samples used for Brillouta spectroscopy, the

were: ar Bx‘ine mrﬁ not be visually
ideritified in the chip samples but were nevertheless likely present.
Fig. 4.1.shovs a thin sel:r.lrm cut froi the ‘sea ice core just below

the: patat:vhore the sampld sed dn LIS e

for Housing Ni s ;
for Houstag, ut‘ural amples )
The apparatus for the Brillouin spectroscopic determination
of the clasiic moduli of matural ice samples consisted of the opti~

il eetip dascEtad i Chapter 3 together with a specially designed

sample hous&ng and cenli_.ng aysl:em. The sample maing was built to
accommodate small ice chipe of arbitrary shape thereby minimizing

the need for sample preparation: 'As well, the. housing provided a

v




1" Thin bectLon of 'a ‘aba ica coré’ visid Ehrough crossed
polaroid filters. . This' section obtained from the -
samie core, .and just below the section from which the
sample used 1n preseit work vas cut. Fine divisions
2n scale.denote um. o 1S




[ f : e iy * R Ry
: i - e e
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high degree of flexibility in positioning ite samplés relative:to
the Brillouin -scn&eﬁng up[i;:s; This flexibility was essential .in

order r.u avoid opcical flaus in; che'pach of. thie ‘tncident ‘or scattercd

laser radlation and’ to séléct specific scattering volunes withir
“hete rogeneous samnlas.

The; prin;ipal fen[ures of, the sample lousing are {llustrated

_in Figl 4.2;" Cooling ﬂnd temperaturé control were pmvuieu by three

thermoelectiic modules jomng the: coppar. heat sink surrcunding thhe -

‘sample dell to thel water-coulad copperouter enclosure’.

“ihe pair of
modules AdlEEAE Lhe outer enclcsura pEaied ot Lhe cooling
poniats

‘[he copper plal’.e separating he, two “Layers of modules was ' thi

maintained at a temperﬂl:ure nearthe dasmd Eegperiburd of the

sample and. small currectlﬂl\s, either posltlve L M

with the module adjacent to ‘thie sample cell, .-

| The teiperature of the sample was: monitored by a themistnr
enbeddedisn: epoxy attached Eo' the heat sink. Calibracion of ‘the P
Ehernistor vas basedan the melting points of seven liquid

[ eyelor
hexane, “bénsenc “wager; aniline, ethylene glycol, qvlnollne and

czrhon tetrachloride, arrsnged in order of ‘decreasing mnl[ing points

. was First 6 foand 'zh melted to th
s 3

mr.h the cosling’ 5y5r_em 1h 1¢5’ normal opemdng mode, each Liquid

oHid=THutd
lmundAry touched the bottons of the steel wires used for humm; ice
Sdnplan, ©THG “ENERLETST Feading, was notéd and assuned to currnspund

to the :émpera:ure of .a’ samplé

were, 1t 'to be suspended in the 1iguid
The canbr’au.on vas estinated (o be accurate to within 0.5°.,

The cooling systen provided ‘good temperature s:abﬂuy over®

muln hour time intervals without the aid of themosf_uic cohtrol.




anipl e’ Housing-and coollng systén for Brillouin

- .spectrostopy in natural ‘ice samples. ‘A - ice sample;

“'B.= “indiun coated steel'vires; C - Spectrosilioptical :
cell; D+ copper cell enclosure and heat sink; E - teflon’
stopper; F = coil spring; G.— 6.35 mm hex bolt; H - 1 1m
0.d. stainless steel tube; I - theérmoelectric: module

for temperature control; J - thermoelectric modules . for
cooling; K - .copper plate; L - seri-rounded brass plate; .’

M 5,0 ring Seal; N - brass cover; O - ¢opper cylindrical

outer Housing;-P

~"dry Np‘input and output;: Q - cooling
witer -pipe. . i O el E S
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Flucl:un:inns insample temperature were due almost entirely to

" dimensions were 1 cm x 1 cm x 3.2 ém.# The top of the cell was ¢

nhunges in the temperature of 'the ‘cooling water and seldom exceeded
0.5° over 24 hours. . Menual adjustments to the current supplying ‘the
inner "thermoelectric module compensated for temperature drift and

paintained the lample temperature within-a range of $0,2° during

spectral nccu'mulntion. .

Thermal contact between the ice chip suspended in the sample’
cell and the cell walls vas provided by the 1iquid in which the

sample wvas immersed. The appropriate imersion liquid was selected

on the, basis of several requiréd physical properties, These included ~  *
optical , minimal or of x-tays,
lity with water, a index 'matching that of dce

and a liquid range at atmospheric pressure which i.'ncluriad the da.sired
sample tesperature. The liquid, 1,2-dichlorotetratLuoroéthane
(Freon 114), met all requirements with the exception of x-ray trans- 5
parency and hence was used in some of the-work on sea'ice where Laue
dtffraction photographs vere mot required. In sll other work, a
blended hydxocérb;en—flunroc;r’uun mixture vas used for sample fmer-
#tei.. The 11qulds; 225015t ylyropans’ (seopentune) and. perfiodion
fiethyléyclohexane had refractive indices of 1.34877 (Sodium D line,
6°) and 1.285" (Scdiw D. 1ine, 17°C) and matched the refractive ;
index éf ‘ice, 1.369 (Sodium D line, OQC) uhsnﬂﬁended in the }‘xl‘.ﬂo ¥ o
5:8 reepecl:iv’ely, §

- The ice sample and. surrounding liquid were housed 1n a
precision rectangular: optical cell fabricated from Spectrosil to

permit x-ray trinsmission through the cell walls: The internal cell

2 R 4




sniad by a tapered teflon Dtopper‘ which in. turn was penetrated by
theee cnnf_entric stainless steel tuhas (see Fig. 4.2). A1l gaps were

filled yith Apiezon’ gr:we to. min!.m:lze ‘evaporation of the immersion

3 liquid. \ The higher volatility of neapem:m\e relative to perfluoro-

mthylcyclohexane led toa chamge in the concentrstim: ratio of the
two liquids and hence to a change in refrsctive ndex 1 significant

evaporation were allowed to occur. Gradual evaporation resulting: from

an imperfect seal at the top of the cell ‘sometimes necessitated chang-

\
ing the immersion liquid at weekly intervals.
The ‘assembly at the top of the cell permitted rapid insertion

of the ice into.the cell and subsequent raising and Towering of the

sample and Totation,of the sample by measured amounts about a vertical
- axis.. The thin ind\iym—;onted steel wires holding the sample applied
minimal stress to I’.h\e\. and did not significantly obstruct optical
The wires siere made to grip or release the sample by trane- .

access.

o A\ .
lating the innermost stainless éteel tube relative to the adjacent

concentric tube. 3 \
" Thermal contact between the\eutél cell valls and’ the adjacent

copper enclosure was maiptained with heat eink compound while all

-other thermal cornections were soldiesed The outér huu;-ing wvas made

relatively lirtight but vas not designed to withstand atmospheric
Pressure and hence was not evatuated. Moisture accumulation on the

\ i
internal cold surfaces was by a flow of

1iquid nitrogen through the enclosure at the rate of about .5 litres
_per minute. This precaution was necessitated by the tendency of pre-
dipieated moisture to rapidly cloud'\the optical surfaces of the
‘sample cell.and to induce electrolytic corrosion of the




b4.b

therndelectric modules. ‘A quartz hottom plate allowed the incident

1aser{’heammo enter the enclosure, while 'scattered light exited:
mmu’gh a.1.7 en dismetei hole drilled in the side of the copper
uu:er housing. This hole, and a 1 cm dismeter x-ray access hole
drilled on' the opposite side of the cylindr:lcal‘b/onnlng. were covered *
with Mylar sheets to- yield an atrcighe seal wiile providing high
optical and x-ray u‘anspntenCy

o, Housing vag suspended on a ateel Tod anchored to
“the laboratory bench by way of ‘an x - y tramslation stage. The
translstinn stage wis used to make small measured adjustments to the
posltim\ of the sample relative to the detectiig optics. The
AJusasns a7 1o Hheslene merial tvetis, ATceecton okt seac
tered Light received by the detecting optics and had a range limited
only by the dimensions of the sample. Unmeasured-coarse adjustments
to the position of the sample along the direction of the scattered

light were made by sliding the x - y translation stage along the

optical track to which it was-attached. It was thereby possible to

| choose an arbitrary scattering volume within an ice sample. This

capability'was useful in the lake ice experiment and essential in

the work on sea ice.

Optical Aligfment i » 7 ' s
Optical alignment of ‘the saméle cell was necessary in order ¥

to ensure knowledge Of the Brillouin scattering geometry. The 'b/o‘:tm

of thé cell was made perpendicular to the melden.: laser beam using

the reflection of the bean'from the cell botton to' indtcate elign-

ment. Smilurly. refle:tinn ofiaHetiin Taner ban : travelling along




the axis 'of the c optics ind d pe dic aligniént
of the side valls of the cell: £ -

In order to maximize the intensity.of observed Brillouin
» g i

| seattering, the Cident laser ‘bean was positioned so s to pre-
cisely i:n:_e/isect the axis of the detecting optics. < The positioning
ol carifed out by first translating the nsmplejvhousitxg to a poiat ; |
where the incident. beam missed :_t;g fce sample suspended in the cell

.+ and travelled instead throuh the surrounding £1ild. - The beam vas.

then clearly visible to the eye due to relacively intense Rayleigh
séatibring by the flutd. Yext) thé beam oo Crémslated in thesplane 5%

normal to the axis of the’ tics until the i com-

ponents. in-the Brillouin spectrun of the liquid reached naximu .
. intensity. ‘The’ sample housing was then translated back to a point’ s
wheve the-cbserved scattering voluse lay within the ice sstiple, Tha
L - advantage’ in ueing the' Brillovin spectrum of the liquid to indisate
precise positioning of the incident ha“mn resulted from the better
‘than 10 to 1 ratio in the intensity of the longitudinal brillouin
confonent in the’ liquid relative to that indce, As well, a wesk or
nonexistedt Brilloutn spectrum in optically £laved natyral dce 4
5 not necessarily 1nd1mce improper pnsitlnning of the 1nr,itlent bean
but ‘rather vas often due to obstruction of the Incident or scattered
Light, : !
Two conponents were added to the optical system described in
Chapter 3 to inprove the capability of the systen for resolving

' . Brillouin spectra in optically flaved samplés. ' Firstly, a 1 mm

diameter aperture was placed on the axis of the detecting optics!

: g
I~ . about 2 cm from: the sample. This mask reduced the amount of stray




i
i
i
i
i

/ light, scattered by flaws in the sample, Teaching the detéctor and

9%

eliminated the appearance of spurious epectral conponents occasionally

: cu\rsed by very bright scau/mng centres sl:i.ghtly off axia. fsecondly,

{‘path of the scattered L1kt adhcent €. the despleHoubag. e

plate vas ‘aligned perpendicular to the scattered light and then

a 2 mu thick parallel’ aide/d glass plate was, ;, bohetines inserted’ in the

rotated about an axis oymal to the plane of scattering thereby trafs—
o g ¢ A

-lating the reglon of obsérvation alopg the path of the incident light.

An optical flaw obstructing the incident beam generally caused a.
momentery surge'in the intemsity of scattered light reaching the

detector as the plate vas gradually rotated thrcugh the orientation
£d

at

vhich the £law and the regiom of
g .

‘the scattering volume was chosen to lie below any optical £laws in the
. /

path of the incident beam: With the exception of those points noted

! above, the optical system, optical alignment procedure and gemeral

method for obtaining spectral) data did not. change apptéclaﬁiy betveen

the Brilloutn experiment on maturaldce and the axpeza.mnt on nrti.fi‘—

cial ide discused in the previous chapter,

4.5 Glacisl Ice -

@- X-ray’ d.atn

Paddy's Pond, were of mgfﬂcuntly good_optical and uryntullognphic

Both the Mendenhall ice sumples and the laké ice sample from

quality to .allow Brillouin data acquisition and analysis to be carried

- out’ uaing methods quite similar to those’used in the experiment on

¢ Lodce. " In perticular, x-iay orié could be

for mnocrys:nla of both types of dce and :heu vere subl!quently




* conponents. The, réaulting freq

’ Attenuation of the x-ray beam by r_he ‘Hnlls ofths nmigle «cell -and hy

‘cotrelated wieh high~ resoluu.on Br;.llnuin spectra.” The sfectra vere
’I:ypically‘ebtnined i & e intervals of the order’ of a; feu hours ‘and
shmaed the longitudinal and uln?y éne or both transverse, brillquin

epcy anife datn‘uem analyzed to yield

the. elastic, Gunsr.mts using the pmced\ﬂes aucuned 1n ;he pmvioua

nhap fer., i - e '

Laue photographs from :he sanples of Mendenhall 1c!‘7ﬁd Puddy s

Pofd ice are shown in Fig. 4.3. The large unigpm oval.spots in the

“‘Mendenhall ice photograph are typical of an unstrained monocrystal,

The' Lave ‘photograph £rom Paddy's Pond ice shous spots of ‘slightly less
tegular shape and as well shows a' few suall spots formed by the x-ray.

bean grazing an adjacent crystal grain, . The Bhotographs shown were

readfly anllyzed using the: techniques of Chapter 2 to yleld crystal ,*
orientation and are typical of :he series of Laue photographs faken to
fncs.li:nr.e analysis of the Brillouis data. Expnsuré times of about

oné hour vere needed to obtain’ go0d tesolution of the Laue spotis’

the £luore e the sa.\npm 11quid
the lengthy exposure times. -, ., * % .

(11) Temperatfire

., . Auniforn szm‘ple tamperature of ~16°C was chéson for :he e
loutn Tpentxnsccp&c measurements of -the elastic ‘moduli of e o% the
thiree types of natural ice. .This temperatuxe was the safie as that”
used by Jona and ‘Scherrer?® ‘in :heu deterination ‘of 1{3 em:u -
moduld and lay within the’ ranger of temperatures 1nvestlgatad by o

Denth33 and’by Bass et 2128 ds well, -16°C 1ies within the fange




-ray diffractioﬂ photographs from Hatural-ice
1iine ice,chip: from Mer

\Brdok.

X-ray beam through grain -boundary (F).
Nthiough lower monocrystal predmfmnuy (©).
‘disruption of monoctystals in the region near boundary
‘s indicated; H: Polycrystnlllna chip: of ‘bubbly” Lce,
‘from iceberg. -

1s indicdted.
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_ of ice “in-the natural enviromment. - At temperatures nearer the melting

point the properties of natural ice-samples could be expected to show

‘time due to such as crystal 14;

and the migration of impurities. Local property sodification result-

ing from the warming of ice by optical absorption along the path of

the incident laser beam would .also increase in likelihood as the sample

. of the temperature of-the samples sed in'the pxa\anz tvestigution-at S

o°. Theae

a point well below fruzug particularly in the case of sea ice. .y
elastic moduli dacamimu\ fof the natural ice nm)les at ~16°C can be

to to a range of using Dantl's 33

This has been used in ,
Chapter 6 to compare the measuremeénts in artificial ice at =3°C with

those in ‘natural ice at -16°C. The uncertainty in sample temperature

1in the present instance was estimated to be +.5° due mainly to uncer-

tainty“in thermistor calibration. = )

i urihouxn,spee:z. 3 ) .
A typical Brillouin spectrum from a sample of Mendenhall ice
1s shown in Fig: 4.4. The unshifted central componeat s about 150
times as intense as the longitudinal Brillouin component. This ratio,
about average for the H.anden.hnll ice, vas somevhat smaller than the
analogous ratio ususlly obtetned in Beillouin spectra fron artificial
fce: " Most of the uishifted Light reiching the detector was due to ™
reflaction fron surfaces within the sample hnuu.n. The larger size - _
of the sample cell along with its rectangular shape probsbly accounted

f£or the Telatively low dntensity of stray:-gcattering. The 200 mW
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N _mcident laser bean'; was completely. lnvisﬁbl; within the ice sfmp‘le
and 'was reflected aluost mpemep:hzty by the boundary betveen the

sample and surrowiding 1iqidd indicating good }efruﬂye‘ A
ing. . g e : .

The. separation of the rlates in the Pnhry—l’erot'interferome:e

wag left unchanged throughout ail phases of l:he p!esent work. " Hence.

the frec speétral-fangs remained at 13,701 chiz. | The linewidths of

the 1 inal end Brillouin s did not differ”

significantly. 1A the Mendenhall ice from those measured in. the

artificlal dce samples.  The instrurencal linewidth'in the spectrum

1llustrateéd in Fig. 4.4 is about 0.25 ,GHz while t:he longitudingl and

¥ 2
had 1 of u 35 GHz and )

*0.25 GHz, tively. A‘mo b3 : Filter centrud at cthe

Tdser frequency was placéd. in the path of che scattered light to
block cha very brnad and relatively intense Raman cmnwne_nt in the:
Hendénhell, fcu spsktra: e rensinins ELat Vackground had an inten~
' slty per unit frequency averaging about 25% of that due m‘_ Brillouin
g i B o TR T S e
A total of 18 Béiuouln spectra were obtained ‘from two crysg:alsl
of Mendenhall ice. No effort was made o munt the yataThigl iy
particuler crystnllographic Sriesithtton, THE mounting of the first
crystal resulted n-1ts & axis making an angle, 0, of 78% withithe ¢
ddrection of the incident laser beum and !ubseqnent rotatioh about "
the vertical axis permitted by t}.e apparatus yielded a 800d ddatei-
bution in values of the sngle Y7(see Sec. 3.3). This first crystal
yielded five Brillouin spectra during the seven-day period) it was
nouated in the apparatus. It was then removed td allow x¢placement




_\second crystal with its c axis making an angle of about 77° with the

of the partially evaporatéd frmersion 1iquid and as réplaced by a

! ;

‘i.ncide'n: beam direction. After yialdt.ng th!ae Bﬂ.llauin spectra this
crystal was remounted with 6 = 680.. Thé se:ungl-crystal was housed in
1 the .pparacﬁ for .a total of 30 days. ' The Brillouin spectra showed

no evid:nce of ‘any ch&nge tn elasttc ptnyertles occurxing over tms

pel"iod : G
'\ The excellent optical quality of ‘the Mendeshall Ace facili-
tdted observation Of at least one tranaverse cu#q)nnent in all 'Imt

nne‘of 18 Brillouin spectxa.‘ In 10 of the spec]trx, both transverse”

- comporents were” observed. ‘the lofgitudinal

a
total of 45 Brillouin frequency shift measuréments were obtained.
These appear in Table 10.1.. The estlmted standard deviu;ion in {Ile

frequency shift measurements vas _.040 GHz.

(1(:) Elastic Constants s : w T
" Elastic constants were least-squares fitted to.the data in

.Table 4.1 using the FORTRAN program referred to in Chapter 3.. The

resulting frequency shift (sound velocity) vs. Y curvés are shown in
£

Fig. 4,5. -Before calculating the elastic constants, it was'necessary

to specify values for the demsity, P, and refractive index, .n, of

Hendenhall. ice at 216%C.  Precise measurenenta of the density. of 11

iparntly pastart mnnocrystalline semples of Mendenhall ice were

rnde by Bu:k_nvld\ at. tempemtures near -4°C. 'K'hEEE VﬂluEﬁ. corrécted
'to‘cozrespcmd toa :mpe”mq:u:e of -3.5%, yi‘eldea an average density
of 917,18 kefn’, The isear thernil éxpingion coefficlents of sevéral
types of ice were measured by Butkovich’> and averaged to yield an

equation for the

 over 'the range 0°C




‘¢ TABLE 411 | - ’ v B W o 52

. BRILLOUIN SPECTROSCOPIC DATA FOR‘ MENDENHALL ICE; -16°C

&

. “fuler Angles “(deg.) . Y(deg.). Brillouin, Frequency Shifts (Giiz) \
2 9 W ) L LN Al Tl TZ' .,.. ‘\

lst Crystal: .
78.0 . 129.8 . 65.9 .
79.2 1301, - 56.1
77.3 © 129.8°.. (76.6

- 76.9. - 129.1 1. 87.87

4.0 715 125.3 7 3207,

2nd Crystal:

L1324 79.2 2607 7 070.3 13.85 R
2007 77.9 “243.1. " 60,1 13.76 T
; 4 297.8° 74,2 239.0  $9.4 13.69
’ POl 125061125 27008 49:4 13.61 e

178.4 -113.3 273.9 21.7 L1026

L ims s a2 Cdes 13.67
¢ GO 1918 121 273,90 L2490 1419
{ 2117 1112 273.3 - 35.3 13.89:

CoUZes 10009 2731 . 39070 13.78 674 -7.82

’ 7.4 110.5 2644 B7.9- - 14.05 = 6.53

g 100.9° 262.9 - 80i6 - 1399 6.74 5
110.7 267.2. Ti30e3 786
“f 6 1118 /266.6° * 29:2 14,03 7.44
i 8 ‘ ’ X §
% * sl ' "
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oy S g . g 1'067 ¢t
to -30%." 'rhxs equation was used to pmduce "the’ fallwing exptesslon

for the te.lnpetatute depenﬂence of the density of ice.

[1+ 1.576 % 10"’1 - ;.778 x 1071%

s - L4-1)
+8.850 x‘10'91 - 1.778x 1070 "] a ¥ g

In equar.lon (4-1), p-denotes denst:y, pr denotes the denslty at 0° c and
T is the temperaturé' in degrees Ce].pius/ hccordingly, the valué quor.ed
above for'the density of Menderhall ice at 3. 59" vas found "to corres-.
pond to-a density of 519.10 kghi ac -16%C. 5 o
The : 1 density n fox

ples of Hendenhall ice was estimted by Butkowich® to-be

* Hopver, the ‘empirical standard dyeviati‘on in the density measurements
sxiaenell) sppREeHEIySpeREEcE mdnucryswl{s was +.056 kg/m® indicatiig ;
a small bic measurable afference in ae.m:y anong che samples. The
maxtnun’standard deyiation in values ‘of the lindar thermal “expanston .

* coefficient given by the expression from Butkovich’> léading to' equa-

tion (4-1) is #1.5%. Hence an uncertainty of .03 kg/m> in the cal-
; L

culated density of Mendenhall ice at ~16°C results from the applica~
tion of equation (4-1) in ‘correcting the’density from -3.5°C..A final

contribution to the error in the density résults fron uncertainty of

* £,5%" in the temperature of ehe. foo sample. 'i'nis gives rise to an
unce‘((uin:y of £.08 Ka/a® 4n density. Coubining the four statisti-
paly independent -error terms noted above yields a value of 919.10
" £0.10 ke/n® for the density of the Nendenhall ice suples used 1n
‘the present deternination of elntic moduli. s o
" fhe value “or the refractive index of 1c at —3" stated fn

Chnptet '3wasn = 1.312 £ .00L. This vallue, when' carrected iatng the
I "




= 78 elati ic,; ‘the 1 crease. in density which. occurs

upon :o'oling‘ becomes n'=1.3127'% 001 for. ice at -16°C. . Values for

che re.maining parnmecers m ‘the Brilluuln aq\mticn, Ve'5.148 x.507 m,

a-= 90° .0, z are r.alcen from ‘the previoua cliapter.

The elaatic moduli de:emined for Mertdex\hall ice at -16+0. 5%

“are given belo 9y
: oy 139‘..1’3 0% | A .
ey m 70026k Lz #a
ek eyge, = 15801 £ 5% bx ao® mzwm
€35 = 7150.59.%°.32% : ‘

Sy 3000 % 46K

Thelerror terns. associated with the {ndividual elastic coustants were

'zletem.tned empiri:ally, by ‘the, methods refen’ad to in Ch&pcer 3, vhile
the Eysr.mnic error, comon to all f1v= elaur_ic cnnstn\:ts wss calcu-. -
lated from the uncertainties in P,y m” and a ;ndicated above, Th_e sys-".

tematic error was prinarily dve to uncertaiaty In.a.

4.6 l.ake Ice

@) sritiouts spectra AR
The Brillouin spectra fron the lake dce sample from Paddy'e

: Pﬂnd did a0t diffar slgnifil:mlr.ly frm the uendgnmu ice spectra in
terms °,f linewidths ‘or relative intensities of the varlou‘ﬂv spectral
componente. * £lthough the optical quality of the lake ice sample vas
inferior to'that of glacial ice, the optical flave which appeared a9

br].glll: pi.npui.nts of light along the path nf the incident” lnsat beam

could ably be ‘avoided by appropriate sample Those.




+ foretgn solia matexial.

, sample was rotated so as to yleld values of y ranging from”38.5° to . -

i

affent the measurements,

flaws in the 1ce’ which ‘were 1arge “enough to he vigible wmmu: ‘mag- )

_ nification were seen to be tiny air bubbles or partiiles of. enbedded

A'tofal of 14 Brillouid spectra were nb:ained mm a A;ngu

bicrystalline sample of lakeice.’ In all’cases; the- al:;\tterlng volume i

was,chosen to ‘lie at icast 1 m Erom the grain boundary 1n the Target

of "the Eio fused monscrydtais, this heing tha Firat monserystal,
traversed by the incident laser beam:. The determination of alastic
ioduli was consequently based entirely on, data’ Fron a single: small '
monotrystal ‘thereby ensuring that pu;sible variations in elastic

’pmpgrue’s over the extent 'of the bulk' dample of ldke dce d1d not

The sample vas wounted with the ¢ axis of the ‘larger mono-

crys!nl maklng an angle ‘of 75 Hith tl\e ﬂi\':cl:lon of .the incident

1aserLbem. “In the course of ob:alning the Bgillnuln specu‘a, tl\e

89.9% | This range was sifficient to'allow determinatiion Gf the ' ..
L) o iy 2
elastic konstants without remounting the sample. All but two of the'
14 Brillovin spectra showed at’least one transverse component while

“ three of the spectra shwweﬂ hoth transverse l:mponen[a. A. tntll of 29

'Bzillﬂuin frequency shift measuremen:s were’ obtained fram the 1;1@ dce”

sample.  .The . e: 4 standn‘d." 1atio m the’ 1

_shift measurements was s OM GHi. The meuurmencs appur ‘in Tablk 4. 2..‘ %

(u) Eléstic constants £ g " s

to

Elas!lc constants were Eitted tn the data in Table k.

jy/ieu the ‘least squares frequency, shitr_ ‘s. . curves i m Fig. 4




N e el e TABLEG.2 R,

BRILLOUIN SPECTROSCOPIC DATA' FOR LAKE; ICE (FADDY'_S‘ POND),, .

| Biler ngles , (deg.) Y(deg.) . Brilloutii Frequency 'Shifts. (cHiz)
T B g R it % . :

29.3
‘24909
250.5'"
5150 < iaerE i ez 7,82
2513, 7.65
" 7352.3" .

‘3




Fig. 4.6. , Brilloutn £

ouln frequency
169C. Hedghts of vertical bars indicate standard
deviation. Curves identified
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With the exception of ‘:h&'densizy, ‘ehe -nupuuuva plrm(m in

the !xmnuin equaticn, aloig with thelr uncertainties, vereser

nq'\ul to :hue values used in the 3 of .luw: onsf:
< =
' for Mendenhall ice., The density vas um.uud from the- valuz used

foz artificial fceat -3% simze n. acdirate -nuzenmuf the micro-

: unpic dmi:y of lake ice could m: be obtained: The dmsity valu=

mrafote reflected results of N umumen; Lecbniques applied .
toa varie:;. Of types.of ice. nnd inc].uded an -ppmpumly Large |

uncarr.linty Thn praviqully quoted dannity oficerat -3 {

. 917 5 * 1.5 kg/m 3 vas cam-.cmi to narrupond to —~16

e
(5 1). Mcordh\gly. the deﬂslty of llke ice at 16 S C, neglecting’

the in 2 and thermal

* Costfictent, was taken to be 919.5 % L5 kg/n’.

The elastic moduli determined for lake ice at -16 '+ .5°C are
given below. The error has been divided into its nonsystematic and

‘systematic components. -

e, =7 138.76 * .28%°

n ;i S
X epp TSR |
ey = w567 2 e | x o anne®
gy m 0TS TR 5 .
; gy i S0 LT | e et

Because of the good agreenent between the valugs quoted above and

thoia quoted for lunden 11 Jce: nnd fnr lrtificﬂl Lce (see Chapter, '

2 6), -ah intended second detem’l.nntion of the elastic lnnduli of lake

ice, uullzl.ng a dxﬂeunz sluple, was not cl'rrind out.

via equation ..




4.7 Sea Ice /

= (1)’ opical qu.u:y
The very poor pptical and crystallographic qnali:y of -the'sea

sce: sample neiessitated substantial changes in the procedures for the
dequisition and analysis. of Brillouin'data, X-ray orientations could
fiot .be obtained for amy of the various crystallites comprising the "
polycrystalline sample: The incident laser beam did notvnn average .
travel more than 0.5 mm through the nmple before sn-um—.g a major
apticnl flav. Similarly, optical flavs Erequently-obstriscted 1ight
emanating from the scattering volume. ' Thé incident beam was'com-
pletely diffused within the sampie giving rise to very intense para/—"
sitic scattering which often obscured. the Brillouin components.
Hevaitheloasy by danabat p(;sit;oniug of the semple vith respict to

, the incident bear andthe axis of the detecting optics it vas possible -
to obtain Brillouin spectfa of sufficiently high resolutdon to allow

- determination 6f the eldstic constants. ‘The methods of Sec. Z<Z were
\ essential in facilitating analysis of the Brillouin data. &

Lade photographs fx'mn th samples of sea 1ne used in' the Bril-
louin measurements are shown in Fig. 4.3.  The numerous small,
K e irregular and smeared spots indicate a fine grained polycrystalline ,
texture with considerable aderuption of the constituent monocrystels.
\ . ‘Diffraction spots of size comparable to, the spot.formed by the unde-

! /
flected x-ray beam suggest that a few crystallites of multimilli- ./

ietxe dinghaions sre present in the sumples. The Laue’ photnwph&

could'not be Ln:arptetm‘l/ to yield eryatall oitantatfad o . &

Before a Brillouin. spectrum could be obtained from the sea.

ice sample a suitably clear region for the scattering volume had to




be located, - NoBrillouin spectrun whatsosver was observed if the
' path of eithier, the inéident or scattered llghr. was oba:mued by an

optical flaw. The first s:ep in fipcng an .lyprcprlu:e scatteting

volume consisted of translaung the samplé in the plane normal tp
" the tncident laser-bean unttl visual 1inspection’ showed that- the béam

was penetrating at least a few millimetres into. the sample before

striking a'major optical flaw...The first major flaw in thé path of

the' beam was in most cases readily noted by the brilliance-with which
it scattered fhe incident light.

u *
After finding a sufficiently clear path for the 7mcxdem ‘beam,

the optical detection system was- used to monitor the infensity of
Light sattered at the laser frequency as'the heighy of the region of ,
observation in the samplé was varied.. At first the height of the

sample ‘was coarsely adjusted using the x-y translation stage support-

_ ing the sample housing. Starting with.the region of observation in

the immersion 1iquid below the sample, the sample was gradubidy
loweréd until a sharp rise (usually by a factor between 10 and 1000)
in the intensity of light, reaching the detector indicated ‘that a

optical flav in the ice coincided with the scattering volume, Thé ~

sample was then raised slightly and a 2 m thick parallel sided glass
N

plate was inserted in the path of the scattered light. Rotation of

this plate yielded precise adjustments in the height of the region
of observation (seq Sec, 4:4) and consequently facilitated a detailed
check’ for_even minor‘optical flaws along the path of the incident
beam; & r ’
J
¥hen the path of the incident bean between zhe poinit of

. entry into-the-ice samplésand the region of observation Appea‘l’eﬂ

L ey




Bty 4 3 Lus
entirely free of optical flaws, spectral acc\m‘ucim{ vas. commenced,
1 Wﬂn)g_u:es o Briilosin coapenents vere obacrved i to obstruc-
Eton of the path of the deattered 1ight emerging fron the sample.

About 15 minutes of spectral accumulation were needed fo verify-the

- -exigtence or nonexisterice of longitudinal x{nuoum components in
.the spectrum of the observed s::attered 1ight If no components

appeared, the height of ‘the regiun “of observation was varied B

\}/slightly and a new check was made. After repenting this step s'everal
. times, 1if necessary, the sample was rotated a few degrees and more.

checks for_observable Brilloutn, scattering were carfled out. In many
: \
instances‘ none of the. above methods were successful apd u\vu

!
nécessary to reyosiu.on the .sample ‘relativé to the incident beam and

retura to the_beginning of 'the entire procedure.- H

oy
|

(n) Brillouin spectra ] . . W \ ’
/

An example of a Brillouin spectrum from sea ice is uhdun in

“Nprfs
Fig. 4.7/ The unshifted. Soirear componedt is about 2,500 times as
™ intense 45 the longitudfnal Brillowin component: This ratio, about .

typical for sea ice, was tén times: greater than that obtained in

Brillouin spectra from any other ‘type of ice, reflécting the poor

optical quality of the sample. The background count midway between

adjacent” 3 had ‘an pér unit
about 1301 Of that due to Brillouin scdttering at e peak of the . -
. longitudinal Gomponents. This coustrwas. fusbo atray’ scattered
1ight leaking into \che detection system, Raman scattering 1n ice and
. to the finite can:)u: of the triple-passed Flbty-Petot intér- ‘, *

‘ferometer. Tha wings of the central compmmnt gave rise to a - sitey
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in the spectrumin the nedghbour-

hood: of the Brillouin components, often: making accurate’ thequisiey
shift neasurements difficult. )

In'mst Brillouin spectra ks s, 45w, 05 1ineiridths beers
spentralcominanta rere s liinr-ho thons observed in Neadenhall ice,
and in artificial ice. In Soa cases; however, the iungicuaihul

This effect was probably due

were noticeabl

to minor optical flavs In the region.of scattering which diffused
o e T ‘scattered light capable of
bedng rebedved by the detecting optics,’ T efthét,case, lght seat—
tered through an increased range of angles would reach the detecting |

optics giving rise (according to the BrillouTd equation) to broadened

* comporients. . Those spectra showing significantly broadened longitudi-,

‘nal compoments imvariably possessed duch lower than normal ratios of *

the intensity of the Brillouin peaki relative tothe Antensiey of :'he

. unshifted scattered ught The " instrumental and longitudinal line-

" widthe'in- the spectiun shown in'Fig.™.7 are 0.26 Gz and 0.43 Giz,
respectively, o : i 7

e \ i
A -totdl of 23 Brillouin spectra of sea ice were obtained from

two_samples, The first sample mounted in the apparatusylelded one
spectrun before being replaced due to excessive difficulty in etiatne.
ing subsequent spectra. Stx spectra similar to that shom in Fig.

4.7 weré then obtained From the second sasple. . For these svecira,
the optical setup remained unchanged from the setup used for umdm—
hall ice except that the 100 & interference Filter'was removed fiom
the -path of the écm:éxed light. Since a significant portion of the.

Background originated'from sources other than'Raman scattering nni'x




b . ? P i
S N

L R : : g o
hence lay within the bandpass of the filter, the’background reduction

was.not sufficient to compensate for the ovérall Toss of dcattered

1light intensity due to imperfect. transmission.

The lengthy accumulation times ‘(usually’ exceeding 24 -hours) .

accompanied by poor fesolution in the first seven spectra necessitated

changes ia both the'optical setup ‘and the datd acquisition technique.

E {p improve contrast and hernce reduce backBround count. in theé aiibse

“from the

U ra, the. Fabry-P was -swi tche

hicg

" three pass to the five pass mode of operation. Although this reduced

the intensity of scattered light reaching the detector, it had. the .' .

' A
desirable effect of alno;t el from the
spectrun in the region usually occupied by'the transverse Brillouin

components. (Unless at ledst one transverse component was present,

_a Brillouin’ spectrum from sea ice could not be included in'the analy=

sls leading to the determination of the elastic. constants.) In'the
letely obscured the

three pass mode; ‘often

or ‘made ¢ of their frequency shifts

. ¥ery uncertain. As a result, spectra which in sone cases represented
more:‘than 24 hours of accumulation tine, had to be rejected.
The segnentéd time base' feature of the DAS system was el
to feduce .the time Tequired to gbtain'a suitable signal to noise
. ratio in'the transverse components. The dwell time over a region of
‘ctiannels centred 3.p6.Bz £ron the adjdcent unshifted ‘component, ond
having & width of 377 GHz, vas increased by a- factor of 30, _Tils o

region invariably included a longitudinal Brillouin component and

!+ one or both transvetse components, if resolvable,




| Two problems fcessitated special precautions in using -the
segmented tine base. Fifstly, the'linear relation between multi:
chagnel analyser’chamel mumber ‘and the physical sepazation of the,
Fab -Perot merfemhr plates could be broken. discontinuously at
the beginhing and: at ‘the end of the slowly scanned ramp segment.
This effect was due presumably’ to.a problem'in the DAS electronids or
to a- var.lstion in the response of the high vﬂlt:age Amyliflcz dﬂving
the piazoelectxic elements in the Fabry-Perot 1nterferomezer. The
effect resulted in a displaument of up to ten chamels (0.3 GH.:) in
the pbsll’.LDn of peaks located within the slawly\maﬂned region.

A second’ problen resulted from a slight consistent non- v
 liniearity in the Telation ‘between chamnel nusber gad Fabry-Perot
plate separation. The effect of this nonlinearity was approximately
cancelléd out when Enr.(\;ency shift measurencats of upshifted and
dovmshifted Brilloutn components in the same spectral order were
averaged together. This averaging vas mot possible when -

were usolyéd only once within an order. Hence, a systematic ‘emx'
i sy nessuzencats could result when seasuremeits ere

nade only within a short, asymmetriéally’ positioned region'of .

enhanced resolution as described above. .

A Brillg'uivn sl;ectrum of sea ice demonstrating the effect of

Five pass  Operation of the interferometer and incliding a slowly

scanned ramp segment is shown in Fig. 4.8, ALL sea dce spectra with
. thé exception of the firac seven were of ‘this form, Ratios of the |

intensities of the spectral components were similar to those given

for the spectrun shown in Pig. 4.7. About 80% of the total accumula—

. tion tine was spent on the slowly scamned region.of the spectrum.

s v
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within the .region. .’

"
enhariced Fesolution. Hence the' absolute positiona of components|

lise of thé seguented time base ‘Feature reduced by a factbr of seven

the' tize ‘Tequired to get-a given signal. strength for compoments lying

" Frequency ahifc musnz@ fr'am spectra tncorporacing e

iegnﬁnted time base féature vere made.in a nanner which clmi)\ated the .-

two potential sources of s) : errot h previously. The
frequindy shifc cf “the longir.lldinal Feillouts l:omponent was, avernged : Cf
- from’ two-measirenents s mads in the order” not including che slowly”. ;

scannéd Tegion. “Thé T quaticy ‘anitts‘of cEe transyerse: conponiats

 vere nh@n déteratned from the relative, frequncy ‘separation, of the :

4 unglmdi.nal and :ransverse comp:ments appearing in the region of
f :

wix:hin the' slawly scamed reglon vere not. gsed. The ‘uncertainty| 4

B2 shift neasu 5 1m:l\|ded hol:h ‘an uncaruin:y. s /

1in relative. freq\lenl:y shife nlung with'the “imercatnty. fn ahsolu:e . 7
freq\lenny ’s‘hlft Jof the longitudinsl mmponenb j1"7\2 etro( ‘in relative

frequency shift vas :yp!.cally small due to good remlu:lcn of . the

transverse components and the very high signnl :n noisemzio of the /

longitudinal compopeént in the s10wly scanned K egion Thz_nverall

exror in bttt ses was to be 1 chanel

or *.03 GHZ .

uu) zinsuc constants ¥
Table 4.3 shovs. the date obtained fm the'23- “Brillpuin
spectn from gea ide.’ The thita (s e simulntsd valiss for tha'

angle Y detérmined. from, the Irillovtn data Blnng with fr:qwen:y shife
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Briliouin Freque Shifts (GHz)
riglonta, Rragihney . Sots o) g

.ZDVZ(lﬂsﬁ/m 3)
P &

7 1o Y(deg.)
lst Crystal: . L R
14.006 . - 6.651 277./09‘ - 50.?5 76.7
2nd Crystal: . = .
13.775 © 6.913 - 266.02 67.50. " - 5904
13.502  6.758 - 260.95 64,51 7 = 47.3
13:893 - 6.910 - 272,63 67.44 - 65.3
13.952 - 6.904 r 274.95 67.33, o 68.2
©13.867 - 6.619.7 7.5220  271.61.61.88 - « 79.92 32.3
13.539 6771 - 258.92 64.76 .- 4.5
13.663 6760  ~ - 263.68 6455 - 46.2
13.747° 6,756 - 266.93 64,47 - 38.7
13.804  6.658 7.667 269.15 62.61 . 83.03 35.5.°
13.927 6.955 & '273.97 68.33 5 67,1
14,068 - 6.976 = 279.55 68.74 = L Ths T
13»?63‘ 6.840 “f 263.68 66.08 = '_50.5
3. 6.942 o 276,10 68.07 - e9.8
‘14015 . 6691 ;' 7.367 277.36 . 63.26 . 76.66 27.0
- 13A9§5 ¥ o 6.759 <VZ74.§8‘ - "64.53 72.4
14,035 6.942 [ = 278.36 68.07° . = "72,3
13.927, © - €01 273.97 . - 69.03° © '69.1
©13.709 . 6.764 - 7.843 265,46 64.62 86.89 42.2
13.618. " 6.837 " 261.95 66.03 2 48:8
. 6.831 w7.96 - - “65.91;" . 73.5"
6.867 276.10 b 66.61 71.9
7.079 % .273.54 70.78 67.8
v Sy




- progran referred to-in Chapter 2. The quantities 1%, 11% and T2
are squsred ftﬁquency shift data incorpor&tiﬂx the lineat toefficients

in the Beillouin equation, Thelr units macch those of the elastic

constants. Values o ? L'1:1. and 72", are calculated ‘by multiplying

_the aquarc & the” respecuve Brilloiin fréquency shﬂ:‘ts, Q, Uy

_and Oy by pAZ/20% sin (a/2). These valugs were r.hen su‘hstituted

directly for X and Y defined as in equu:lcms T(e20) or (2-24) add.
_ bhence were used in'tvaluating the sun squated error term, X*, defined

i

; : p -
The 50 Brillotin frequency shift measuiam'énts indicated dn |

Table 4.3 yielded 19 ‘pairs and four triples of ucoustic Velocity
messurenents of the form descidbed ‘in Section 2.2. ‘Each :riple was

broken down into three pairs which were individully weighted at 2/3

“for inclusion in ‘the determination of the elastic:comstants. All

R4 other pairs 'weré given unit weight. The elastic constants were then

carduioend usmg the methods of Sec. 2.2.

Accuratg values ‘could not - be obtatned for ‘either the demsity
‘or the refrar,tive index nf sea ice. Hepce the’values were set equal

to those used in the analysis of the Brillouin duta from lake ice.

" The uncertainties in these vslues,ﬁglmg Ath the! unfertainty in

the scattering angle, which combined to total .4% in the case of
‘lake ice, wars meglactod dn' e anaiysis et ‘thesesatics date;  The
principal reasons. for néglecting the systematic error included the
uffuul\w in estisating ite value ad the fact that it vas likely
: negliglhle\v en compared VAth the errors in.the individual elastic

constants,"

1in equations (2-25) apd (2-27). B Fa L

i ’ 125/
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The elastic constants .determined for local, .apparently

‘homogeneous regions of icé within a sea ice sample-are given below:

= 142.7°% 4.8%.| ° '
[

¢
: ey = TRaaesn | 2 e
ey = 5978 257 1 x 10° w/m?
o > ‘ f s
| legy.m T4 -walan I
vey m o298 ik W ot

_The qiloted uncertainties were calculated mimerically since an analytic

determination of the propagation of ‘error  thirough the transformations
glve 1n Sec. 2.2 uds dnherencly complex and lay outside the scope of
the present work,

The numerical error caleulation was based on 25 computer' d
stmulated repetitions of the process of deternining the elastic com- -
stagts. In each repetition, a normally distributed random nuber
with mean zero and standard deviation & .03 Giiz was added ‘to sach of
the 50, frequency shift measturements us'[ed in Table 4.3. “The uncer-

e, .the

tainty in an individual elastic constant was then taken ﬁ:
squdze root of the empirical.second 'moment "about the mean ui the set

of 25 da:smim;lnns of that elastic constant. The numerical error

analysis not only yielded estimates for|the stangard deviations, but

" also yielded further infornation on the probability distributions

of the values'for the elastic constants. In parciuﬁn, & significant
stattstical bias 1n thé egtinates for each of three -of the elastic

“cofistants was noted. The mean of the set of 25 de:eminatinns of ¢y

mean: for ¢y, Was 8% high, the mean for ¢,y was 2% low, while the means
“for )5 and ;. vere mot significantly biased. !

wag 6% higher than the least squares value for c ;. smuauy, e Aed




A B s
'nu‘ above results imply that the transformations used in

calcnlaung the elastic constants translate unbiased error in sound

»ve].m:tty measurements 1nto biased expacuum values for the final

results. H{m 1y, the values for cu dnd ¢},
are likely to be high, the value determined for cjj s likely to-be

low while the expected values of ¢y and c,, are lkely unblased.

These observations should be noted when' compating the elastic con-

stants deternined for sea ice with those. determined for. the fresh
vater ice -nmpi.i where knowledge of crystal orientation sbvidted
the need for applicacion of the methods of Sec. 2.2. While the
method of analyais gf rhe fresh water |ice data may also have induced
bias in the ‘expectation values for th el.ul:lq constants, the effect
“would undoubtedly be mich less severe than in the present instance.

It was not considered practical to duplicate the above described -

| error enalysis for the fresh water ice|data due to the slowness of

execution of the required least squareq fit routine and the conse—
quent utilization of very large amounts of computer, time. :
g P 0 Tl e Do Tnsla” Erhewancy shift vesy excvie
'-peclngd by the elastic constants detetmined for sea ice: To
facilitate plotting of the upeﬁ.uené.ﬂa.n in the Same format used
for'the fresh vater ice samples, sim.ll.n".ed vilues for y were assigned
fo each frequency shift measurement. . Th ¥ values vere caleulated
by equation (2-15) from pairs of acoustc velocitics satisfying '
equation (2-20) or equation (2-24). ,Th¢ pairs were determined from
the ax‘pgri.mmtnl data by choosing -points along SO J— specified
by (2-20) or (2-24) having ‘mintmm distande from the measured

velocity pairs. 2
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The' distributton of the dath over values of the angle Y vas

.. fairly good, espectflly in view of the fact that prior knowledge of
crystal orientation could nof be used ‘as a guide in selecting desir~
able angles of rotation of the sample about the vertical axis of the
sample housing. ’The Y values obtained w:li"e to a large ektent random;
but some sejection was achieved by rejec:‘ing Brillouin spectra which .
appeared, . after a short period of accumulation; to be duplicating
extsting data. As well, in‘come cases Y could-be varied in a con-
tEp1ied Samnsr ovir 4 ings weswids an20? b‘y turning the sample’by
small amounts about the vertical: Qxl:s.' Solong s the weattesiag
Volune remained within ong crystallite, Y varied continuously with

the angle' of rotation.

_(4%) Inclusions and grain boundaries P
' Linjtations on the duration of the Brillouin experiment on
sea ice made it menctir:al to extend’ the objectives beyond obtaining
AL e S L SRR 16, 10EAY Ty

fio special effort was made tg obsérve Brillouin scattering from
brine inclusions or from crystal grain’boundaries.

| The Brillouin frequency shift for the longitudinal acoustic
mods in watar was about 50% bf tha free spactral range of the fater-
ferometer. The relatively intemse Brillouin component from water
"wiould thus lie in a region of minimm background and would probably
IR e spectrim fron sea ice 1f a brine Tnelusion
were to inadvertently coincide with the scattering volume. No such ‘
_component vas observed in any of. the 23 Brillouin spectra obtained.

Aside from the pobsibility that brine inclusions were very

few or nonexistent withiy the sample, two explanations appear

. . ¥ /




s 'ture.

reasonable. Eirstly, brine inclusions might cause dispersal of r.he

incident bean to the extent that no [ spectrun .vhatsoever

woild be observable. Secondly, thé inclusions might. absorb some.

portdon of the inéident lager'radiation.’ Since brine cells are in

z |
precise equilibriun with:the surrounding ice, slight varning accom-

panied\by a thermal gradienw could lead both to enlargerent of :ha

celle”and to thetr migracion\in the direction of increasing tempera-

Hence, a brine cell mi\ghr. be expected to migrate along the
incidént bean, towards the hu\? source, since the light behind the
inclusion would be diffused and, therefore less able to dnduce signifi-
‘cant heating ‘by absorption. \‘ X _( i

Evidence suggesting the \cc:uzzence of the above phgnemenun

was provided in many instances by spectra which, ‘after accumulating

for a few minutes or hours, suddenly shoved very large increases-in
the intensity of the unshifted component. This increase in stray

of an optical. flaw within'

was to the

the scattering volume. When the volume of observed scattering was

moved a fraction of a‘millimetre lower, fovards the point at which
“the beam entered the s:\mple, normal ],evels of unshifted scattering
resuned, Howéver, in several 1ns:an:ee the high levels of stray

scattering reappeared after a few hours, necessitating further . .

lowering of the region of observation. .
The incident- laser power used in. ubtdining the Brillouin
: : A

spectra of sea ice was 100 mH. A lower laser power level or.a

defocusing of the incident béam miight have eliminated the effect
>3 /
of Brillout

above and

from brine inclusions.

However, the regultant increase in required




L sppeur (sge Chapter 5).
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a:cumulnl:ion tine, alang with problems scmxng fron insufficient:

light £cr the Fubry—Perut stabilizat: systen made such ::hn.nges :

impractical. .The laser pover»uaed in the vork with glacial ice and

lake ice vas 200 . TIn mo case was this ‘power Level observed o' ¢
fiulice i SpIERD F15vs A the s ¢

- Crystal grain boundaries undoubtedly ekisted near the g L
scattering volures corresponding to several of the Brillouin sﬁ;ecm

from sea ice. If a grain boundary werg to traversé' the scu:ezmg

volume,

or twinned longitudinal

would Tesult |

_in most cases. Futthermore, :he peak, 1m:Enslty of the lv:/nglr.udi\ul

domponent talative to the buckgraund wedle b Peadesd Eo asym- k

'metry in' the upshifted relative to the downshifted: components could

Each of the-above noted effects, including
dsymmetry, was observed from time to time in Brillouin spectra from

sea ice. “Ih these. cases: spectral: accunulation was terminated and

* . data vas ot used in the deternination of the elastic constants:

T
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‘. Physiéal ‘and Cr!stullograghic Deseripeion of

CHAPTER 5 R
pisid

BRILLOUIN SPECTROSCOPIC STUDIES OF A’ CRYSTAL)GRAIN

BOUNDARY REGION IN NATURAL 1CE® £ %
/ q

Lutroductory Remarks -

The grain bouniny meiton ik anonted lioperyors nolt fpttielly
foresesn as comprising part.of the ‘overall bbjectives of the present
work, ‘but rather were undertaken wher an unexpected iean‘.\re q;.'
observed. in a Brillouin spectry em;ma:ing from the boundary region
“in, a bicrystalline ué‘samp;g The, prinary ain of the sibseghent

investigation was to substantlate the anomalous character of the

_initial observations and to provide experimental defalls of the

" phenémenon which might sssist in a future comprehensive theoretical

or experimental analysis. Unlike the work discussed in the previous -

hapt. {don of elastic vas not an objective of
the; grain boundary studdes.’
¢
Bicrystalline Sample

e Soa-bumple \ued, Tu Ehegtatn boundary. exgernent was
taken from a 5 kg bulk sample of polycrystalline river ice from
Anold'sCove Brook on the Tsthmis of Avalon about 150 kn from Se.
John's, Newfoundland. The bulk sample was chopped froh.the 30 cn.

thick ice .cover near the'centre of the ‘brook .about 0.5 km from. its

79

3 P ¥ :
. *A synopsls of this chapter has been published. '
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mouth. An approximate half metre tidal variation in'the depth of
.the brook occurred. at the point where the sample was collected. The

‘temperature at the time of collection was about -20°C and the sample

(S exposed to temperatures higher than -16°C at any time prior
! - conprataon of the Brillouin experiments. Extensive massive frac-
turda4n thie dou: cover néax €1 Paints at weich the seyia s col-
lected along with frequent audible cracking indicated high- stress in
the surrounéing ice. The stress likely reulted from the stgong
rrent benash the ice,. comblned with the restraining effect of ;
fumerous large protruding boulders in the strean bnd. The results of
/ a vater analysis of a 1 Titre filtered- sanple of meltuater Erom the
" buk dce sample are shown in Table 5.1.
s ' Seberal hipsamples cxtraited fiom the bulk sample of Tiver
ice showed polycrystalline grain structure when visually inspected
tiroigh crodsed poiarotd #11tera sad showed discuption Gf the sadiyidn

val grains vhen checked by Laue x-ray photography. Air bubbles and *.
small particulate inclusions were present,in some samples, but those

- samples extracted from mear the bottom (ice-water interface) of the

bulk’ sample were of excellent optical quality. The ~0.5g_sample
) & selécted for Brillouin spectroscopy was among those taken from near
b \\ .the bottom of the bulk sample and posgessed no visible optical flavs.
ln_up—ec:.ion of the selected lmpl_e th}'ongh crossed polaroid filters
y 5 .+ shawed :;;é‘[c:ysnx‘gnins’. each comprising about 50% of the sample

volume.' The boundary between the grains appeared perfectly flat-and

uniforn. ® . L e

3 ' When mounting the sample for Brillouin spectroscopy, chr;(mn

taken to ensure that the boundery was as nearly as possible normal -




" ‘Conductivity .

o

Impurity . |
Concentrations

i n ppm
7. byVeight"




. to thé axis of rotation of the slmple ‘hausing a0l hznm. to tlle

incident laser beam. The original intention of em augmmt was &

to Teduce the range of sample positions at which ;he x=ray beam usad

for Laie photograghy would traverse both crystal grains, Huuava:,

ds.the Brillouin expériment prpdesdid 1t beca+ apparent thaf the .

of the 5[1ay|in the esse $irh

“which the reginn of observaticn could be moved| acrdss_the boundary

by adjudting the height 3F the ‘sample:: The exact ofientation of ‘the ,

o boundnry in the moun.:ed samplé could not be de ;rml led without

Spbaratus and techniqués beyond those required! for the regular coufse

{6t B oL SapaEIRYE - MG Caben il he observations
through crossed pularo.td filters, its normal |was es;imted to-make
an angle of 0° *15° with the incidént ‘liser blan. " The high' uncer~

tainty vas due to ehi small linear dimensions \5,5 the boundary.as “vell -

‘as t6 ambigui:y resulting from the dépendence n; visual observations

on sample orentation and position relative to the eye.

Laue x-ray diffraction pnocogmphs were ulken to determine the

n!!encation of the two crystal grains hmgristug Yhe sampla and o+
e dtorunticn of the grains or u\f the 1ce at the

grain boundary. Three of the phn:ng;(aphs are Ihaw? in Fig 4,300

| evidence of dtruption elthér In the ciystal gralns or at the grain]

boundary was present. This contrasted with three. ofher chips from

~ the bulk sample, ‘ach of whick showed grain’disrupt fon.

X, Precise for bc)zh X 11 the
“lne 1ce sample vere calculated £ £iom Tage photograptls taked at three
di(ferenl: orientations’ Df the bicrystal, . The diifex{en: nrien(ations

ware obtained by mn:i.ns tl\e sample -hnuc the vertical axis of :ha
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sample housing. At each orfentation, a series of Brilloutn spectra

and-associated Lnue‘phor.ographs was r.aken, with each !pecttm/phu:o—
graph‘ carresponding to a different hglgh; of .the scattering vul'ume o &
(ot x»uy bem) relative to the grain boundary Photographs taken -

g e
Vith the ncident x-ray beam entirely- Ahiove belok the boundary S s

served to identify those Laue spots mr:espondxng to ciyatal- planes

. of 'the upper or lower, ystals ly: A < taken | et

“with the grain boundary 2 ic ‘che, o of ¢
the 1ncidant bean vas then interpreted using: r.he methods of. Chapter 2

to yield simultaneous orientations for both the upper and lower momo- . |
/ ! |

Ccrystals. o L &

Table 5.2 lists the Eyler anglés for both the upper and lower'

'mnocrysc\Lls at each-of théfthree orientatiows of ch'e(b'ic:ya:ax."»

v . A axes of the respective mono-

-crystals and the'propagation direction of phonons giving rise to

- )
observable Brilloutn scnl’.terd.ng are also listed. The, values, shown

 for the longitudinal Btillouin frequency shifts. were calculuted from .

the Y vnlnes using elastic cansr_u\r_s “which were taken to be the: i !

arithmetic heans of thé respective elastic’ constants qunted in Sec.’

-5 a and sgcA 6.2 for artificial ice; Mendenhall ce, lake 1ée-and

sea ice at <16°C. Density, refractive ifdex and scattéring angle-<:
were each assumed to match values quoted 4n Sec. 4.6 in connection 4
with'the snalysis Of the lake icé data.. The-abové assumptions were 3

subs'mn:u:ed by subsequent analysis of the Bfillouin ‘agacc{.vgése

_following section). K Vo R a0 T .‘b s . 3

The, angles of rotation of the - bicryacsl were selecced based

- y
onthe initial x-ray deternination of the orientations of the . f 2,

Ao




. TABLE 5.2

- ORTENTATIONS OF UEPER AND LOWER MONOCRYSTALLINE COMPONENTS
¢ OF BICRYSTALLINE ICE SAMPLE AND CORRESPONDING LONGITUDINAL.
' BRILLOUIN FREQUENCY SHIETS, :

Spectrun Sertes /. B 2 3
= T v ; C
Upper . B AT 5 T 23.37° 198.42°
Crystal 19.07° 1%.65° 1 14.32°
‘Biler angles - 337.53° . * 325.2° " 350.24°
v - 477 31.9R 58.72°
6, (GHz) 13.619 13.930 - 13,654
Lower . & 239,04% 163.64° . ' .5.00°
P g = B g
Crystal ' Coleey e s e o 7a,er°
© Euler angles - . vy 77.08° " 78.66° 71.53%
e s Ay 83.97°  60.67° ¢ 30,21°
0, (GHz)’ 14012 "13.680 .. 13.981
- o L W - * o
3 0 % A
Note:. Subscripts u dnd 1 denote the upper and lower monocrystals =~

respectively,
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. ‘mopotrystals in the mounted sample, tp yleld & near maximm diffef-

“\encé in frequericy shift between the observed longitudgnal Brillsttn
¥ : ?

cémponents from the upper and the lover momocrystals. Heace, phonons
" gtving rise to observed Brillouis scattering it cach of the three
'baném orientations underwent substantial chadges in velocity upon
" crossing the boundary. The distinct difference in frequency shift’
aided in establishing the lodation of the region of observation rela= i
tive ‘to the boundary dnd simplified the decomposition of Brillouin

spéctra fron the boundary region. Fig. 5.1 shows the Y values ‘and

lated Brillouin frequency shifts of the longitudi-
nal component in the upper and lower monocrystals at each of the

' three sample orientations.

The relative orieat of the two 1s was deter-

mined four tizes frém four independent sets of Laue data. Three of

the dations utilized the data given in Table 5.2
while the fourth determination was based on Laue data not correlated
with Brillouin spectra and herice 2ot tibolatel: "The xelarivesorioate
tion was calculated from the lab-to-crystal rotation matrices, R,

as defined in equation (2-6), for the upper and lower momocrystals.

The relative rotation matrix, R, s given by Hoy

g

[ T ) -
nlnu 3 . (5-1)

where R ‘and x“l denote the Laf-to-céystid ropation natiices for. th

upper i Lo ‘monocrystals respectively. The matrix R, defmgd

by, 15;1)' trm;fam a fixed vector expressed in the coordinates of |
the upper crystal frame of reference into coordinates referred to

¢ 2 N
the lower crystal frame of reference. Euler angles can be used to
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il *
: R el to the same by which the
individual lab-to-crystal rotation matrices for the monocrystals are

paraneterized, i
Accordingly, the Eulér angles specifying the four determina-

/€lons of R_ ) are given in Table 5.3. The‘smdll scatter in the Euler

el
angle values indicates an .uncertainty of less than-.5° in the deter-
mination of crystal orientation. Calculations using the mean Euler

angles, specifying R_,j SHow that the basal planes of the two mono-

. crystals are approximately perpendicular, making an angle of 88.2°

with one another. Similarly; the (120) plane of the upper crystal

_makes an angle of 4. 0 with the basnl plane of the lmder crystal while
the ‘basal 'plane of the upper crystal makes an angle of 2.7° with

.thé (210) ‘plane of the lower crystal. If the latter two anglés were
both 0°, the two monocrystals would possess parailel low otder
n!‘y‘snll’osraphic planes,. This could be interpreted as imuacxng
twinning, that is, c:y‘stal growth at a preferred relative orienta-

t1on.%0

matrix specified by the Euler angles ¢ = 180°, 6 = 90° and = 70.5°,

While theme values differ from the corresponding average valies given
in Tabie 5.3 by ah amount in éxcess of probable unceftainty, their
proxiatcy suggeats that, some degree of preferential orientation of

the monoeryétals was induced during growth of the sample.

Since the orientation of the plane of the grain boundary could

not be determined .precisely, coxrelation of the boundary with
particular crystallographic. planes is highly uncertain. However,
coincidence of the boundary plane with the basal plane of the upper

crystal oxr the nearly parallel (210) plane of the lower crystal is

Setting the two angles equal to 0° yields a relative rotation
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i
’ TABLE 5.3 w0 T T
-FOUR DETERMINATIONS OF m ARGI.BS SPECIFYING Rme
ROTATION m FOR BICRYSTALLM Bﬂm
Determination < T ‘3 w7 ke Mean -
$ 0 176.0 T-176.& . 1768 - 176.5° - 176.4
_Buler Angles' | § 8.1 "87.6 _ 88:9- - -88.2 '88.2
V. 69.1  69.4 - 68.2 69.0 68.9
Y » 3 o
.
1 :
A
i
3 e .
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a plausible assumption.  The nomlls to these cryst;llugruphlc
plahes made.angles in the neighbourhood of 15° with the vatal i
herice “lay within the Tegion of uncertalnty in the boundary, orienta-
tion, A careful yisual checktotest the above assumption was
planined upon conclusior of the BriT¥duin experiments but failure of

the sample cooling system and subsequent melting of the sample made

of Regfon of

The optical systen used for. the Brillouta spectroscoplc gratw
boundary studies vas identical to that used in the work on lgke ice
(Sec. 4.4) in all respects except for the glass platé used to control’
the level of the region of observation in the sample. The 2 mm thick
glass plate was replaced with a microscope cover slip having a,
‘measured thickness of .24 mm and a refractive index ‘of 152, This
thin plate was. rotated by measured amounts to yield precise adjust-
ments ‘in the height of the region of abservation relative to the
crystal grain boundary. :

The finifé-sized region of observation in the sample was .
defined by the/focal spot of the lens (focal length = 40 cm) used to
cofiimareshin siscreted dlhe: Satidantion 4R interfarmerer; Blncs
all apertures in the collecting optics were circular, the Tegion of
obacrvation could be assumed to be of eircular cross-section if the
disensions of the illuminated fegton i the sumple axtesded the
diameter of the focal spot of the collimating léns 'Translation of
the tncident beem during spectral accumilation indicated that the
bean width was approximately .3 m. This value exceeded that esti-

mated ‘below for the diameter of the reglon 6f observation.
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Three Brillouin spectra froa the grain boundary region vere
used in estinating the diameter of ‘the region of Senrvayin:. Tin

ratlo of the of the to 1

Brillouin scattering in the upper crystal to the analogous scatter-
4dng intensity from the lower crystal vas assumed proporticmal to the
area ratio of the portions of the region of observation lying above

and below the boundary respectively. Hence, three area.ratibs were

.estmater{ from the three Brilloyin spectr ’l'hel“g .area ratios were
then correlated with the relative heights of chu/ region of observa- i
tion as detemined from the angles of rotation of the thin glass .
plate inﬂ\ of 'the scxtt?ljed light, The resultant astinata

;nr the diameter of the region ‘of observation was .21 mm. The
validity of the calculations depended (a) on the grain hm.\ﬂ\dQ h‘\‘lin‘
negligible width relative to-.21 mm and-(b) on the longitudinal ™
Brilloutn cosponents having a fundamental intedsity vhich d1d not

vary with’ proximity to the bound The former 1s sub-

stantiated by data presented in the following sections while the

latter is less definite but appears to be in reasonsble agreement

with' observations.

Brillouin Spectra

. (4) Adjustments and calibration

N
" The initial three Brillouin spectra ob‘[lin!d from the bi-|
crystalline river ice sample did not include the grain: boundary with-

in their Peglons of observation. The spectra had appearances closdly

- ‘resembling those of the Mendenhall ice spectra or the lake ice

spectra. Measured frequency shifts, when correlated with crystal

¥



lay within_ < of theQvs. Y

curves specified by.the elastic constants determined- for glacial ice

or lake ice or for artificial ice corrected to -16°C (see Chapter 6

régarding sinilarity of elastic properties of the various types of

ice). Hence, rather than a complete “of the
elastic moduld of the river ice sasple, the elastic properties vere
assumed to be specified by the average of the four previous Brilloutn
deterninations of the elastic fiodull of ice. Accordingly, from data
adotedidn lele 6.3 (Sec. 6.2) the elastic constants of monocrystal-

Lind flver 4cé were taken to be:

ey =, 139.29

: .
1= 10-82 | =
ey = 51.65 x10° na? .
; Reass "
cy3 = 150.20 - &
= 30.14

The fourth Brillouin spectrum of the ‘bicrystalline: sample was

obtained from a region of observation ropghly centred ‘on the grain

. boundary. The bicrystal was at the orientation indicated for spectrum -

series 1 in Table 5.2. Since Brillouin scattering by longitudinal

phonons propagating ia the upper momocrystal was observed simulta-

neously with Brillouin by phonoss n
sl the it spectral vere twinned !sz Fig.
» “s.z). The frequ ncy shift betueen the e : upper
and lover eryotal al comp was anti from t

data in Table 5:2 to be 0.393 GHz. This l:ntrllwndad to a separation

of 14 channels between the peaks of the adjacent twinned longitudinal
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- components in the three otder Brillouin spectrun with the same inter-

- order spacing ‘as for glactal 1ce and lake ice.
; - While the expected separation between ‘the ‘twinned longitudi~
nal Brillouin components vas observed in the pair lying to the right

, § " of.the adjacent e and s to =

Brillouin scattering, the downshifted components lying to ‘the left .
of the central peak appeared too closely spaced. The difference “in
apparent relative spacing between the upshifted and dowishifted pairs
" of longitudinal Brillouin components gave rise o an unexpected “but
b o clearly abservable abife ‘asymmetry in the Brillouin spectrum.

To improve resolution of the twinned longltudinal components
and thereby make the asymetry more visible, the scanning range of’
the Fabry—Perot intérferometer glatgs was reduced by !:nwering the
i amplitude of the ramp waveform used to drive the piezoelectric ele-

H\ ? ‘V e ik way, a two order Brillouin spectrun was recorded -
; ) . " - “ititeh one order of the unshifted component occu;ring near each end
L'+ of the range of 1024 channels forming the horizontal base of the _
multichannel analyzer display. The resulting spectrum showed fea-
Eitds S4snEica] Lo ibad Sbecvedifh BHe three order spectrum but h
the components were distributed over twice as many channels and thus
i could be resjal‘;ed in Innlv'e detail. The difference in separation of
the upshifted and downshifted longitudinal component pﬂ!:rs ‘was
"cus:mc:, with the moré widely spaced upshifted pair appearing on
the 1e£t—hand side of the spectrum. o £ 3%

A further Teduction. m ramp amplitude was required in order i

!

fo expand the spectrun ;ufflciently to factlicate the decomposition

and detatled analysis of the (wi\med longitudinal Brillouin
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components. . Accordingly, the scaming range: of the interferometer
plates vas' reduced to yield a single oxder spectrun with components
st Cadiover 310, Etiiai 44 many channels as was the case for the
ori;inal three order spectra.. Further \:xp:ﬂn!iﬂn ‘was not possible

1f both-upshifted and ‘downshifted longitudinal components were to be-

observed on the spectrum simultaneously. Thus, the' Tamp amplitude

was not st the of the e The

‘more videly spaced upshifted longitudinal component pair occurred om

the right—hand side of the single order spectrum since t‘he unshifted
component was approximately centred in the range of chamels. This
ottt e Ve e ol spectrum dnd ruled out the possibility
that nonlinearity in the scanning of the lnterferométer plates might
be responsible for the observed asymetry.

The usual: nultiple-order Brillouin spectrum incorporates its

“own frequency standard since the pumber of chamels ‘separatilig
q aygzbe

adjacent orders of the unshifted component cor:esponde to a know

frequency range .(i.e., the free spectral range) but no lnalogoua

~standard exists in single order spectra. A fregnmcx standard tu: +

the single order grain boundary spectra was thus established by using '

At Gach of the :hree pre=

viously i of the bi tal B!‘illollln specu‘a
wete recorded with the region of observation lying £irst in the : -
upper monocrystal, at least 1 im sbove the'grain boundary and then

in the lower monocrystal at least 1 m’belt;w the boundary. The. o
referenca fiequency shifts for thlongdtiiinal components were taken

£rom Table 5.2. Due to slight monlinearity in the relationship

. between MCA channel number .and physical seéparation of the interferometer
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plates, ‘separate frequercy. standards were calculated for. the upshifted

*0n_the left-hand (downshift)

side 'o_f the spectrum, 1 Gz, &Y fotind to correspond to’131.69 *,17
channels, based on’ tx Brilloutn spectra, .Siatiarly, an aversge from
the 612 epbctra st Sired thak | O Gotresponied £0130.45 ¢ .29
channels on the right-hand (upshift) side of the spectrum, The small
statter in the determinitions showed that scattering angle and ramp
amplitude, while possibly varying slightly from spectrim to spectrum,
vere ;ety nearly constant :h;oughout the experiment.’ As well, the
dependence of longitudinal Brillouin ‘ﬁequem:y‘sh‘ift on orientdtion

vas_seen to be accurately specified by the assumed elastic constants.

(i1) Observations® . = *° ¥

Three Beijlouin spectra from the grath boyndisy. Teglm:of the
bleryStalline ice sample are shoim in Fig. 5.2. / The method by which
these and other spectra associated with the grdin ‘boundary experiment
were transferied from che (DAY fenory for storagd, analysis and
graphical reproduction is aiscusséd 1,. Sec. 5.5, The three spectra

correspor o

the three bicrystal orientations listed in Table 5.2

“and 111uma:e both the difference’ dn apparent separation betveen

“the upshifted and downshifted. longd tudinal compoioat, pars wad ‘the
dependence of  this asymetry on crystal orientation., In particular,

A bt e noted Eharat orientation numbers 1 ‘and 3, - the upshifted v

peir Lo more widely spaced while the downshifted pair is more widely -

° spaced’ at orientation mmber 2, With the exception of the bicrystal

orfentation and-the angle of the ‘tilted glass plate vhich controlled

" the height of the region of na..-_ir‘va'ziun, no changes in the optical
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systen or any, other component of the experimental setup were made

béfweag"ugoxdh{gs of the thrée spectra. The orientational depend-
ence:of fhe asymetry in the boundary spectra along with the dépends
ence of: the asymetry on the proximity of the region of observation
o the boundiry (to be discussed folloving) providé Tefinice evidence '
that the effect 1s not fnstrumentalvl. =

+ " Fig, 5.3 chows a series of six Brillouin'spectra recorded
with the'bicrystal at orfentation number 3, The two veference
spectra obtained with the reglon of ‘ohservation fax £rom the boundary

show ically mtched and down: 1

* Brilloutn conponento. “In o }ntrast, the fou. spectra from the!

boundn'y region ihw a1dt Ciadtly, vider Spécing betwscn' the lcmgltudlml

on the upsh side 6f the spectrum. The 1 con-

N . £ 5 ; 3 e
ponents: with 1isound p in the upper

and lover monocrystals are seen o maintain thetr ideatities in the

boundary reglon spgctra.: This 1n4{.cntes that the merging of acoustic

'+ propartiss s Cidaa of one monocrystal Sate o of the oﬂ\ex % -

takes .place on a -ucale,éhm. 15 small’compared to the diamcter of

the region of observation. - .

The szulouxn ipectlé‘ shown in Fig: 5.3 vere \indet1ain by a

'£lat background ‘component due primatily' to '‘Réman scattering and

having an'intensity per ynlt fréqu‘ency about: tutce that die to . "

Brillouin scattering at the peak of the «longithdinal mponam:u.
This uun vas roughly nmxnc.uned in the spectra emau:!.ns,fzm e g .
bog,pdnry reglen when. tha qff.l:k of the’ Apl[: region uf ob!arvnti.nn

| ¢
vas taken iato constderation. -Thus, it sppeared m: 5o mafor " ¢
R % 1 :

changés .1n the




Fig., 53

~ dndic:

Brillouia spectra obtatned with the ice bicrystal at
orientation No. 3 and.with the| region of observation
‘ot hix different heights: relative to the grain bound:
Schematic diagrams at lefr show heights. Diameter. of
region.of observation (circle) is .21 mm. Distarice
£rom %entre of region to boundary centre (in mm). is
ted by number to right of diagran. Reference
spectra No."s 1.and 6, obtained relatively far from
the boundary in the ‘uppef ‘and lover monocrystals
respectively.  Central component located at channel
549.. 1 chanpel'= .00763 GHz.
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** associated with thé 9825 éystes. ‘ =

) v 155
associated with predinisy to the gratn boundary.

A slight asymmerry in the wings of the up;hitged cnwpm;enl:
was visible in all of the Briifouin spectra obtained from the river
ice ‘amplé. This dsymmetty siso oScutred-In the spectra from other

types of ice and appeared to result from slight imperfections in the

alignment of the various components of thé collecting optics and

from ssymezf,y of { volume‘il No alignment

procedure was sufficlently precise to completely eliminaté the

asymmetry, However, its consistent effect of slightly raising the

- background on the downghift side of the central component did not

significantly impede interpretation of ‘the Brillouin spectra.

Analysis

A 'total of 15 very high resdlution Brillouin spectra of the

typé 11lustrated in Fig: 5.2 and, Fig. 5.3 were obtained from the
bicrystalline Tiver ice ‘sample at, 'three orientations.  These spectra,.
with accumulation times (raiging between one and.six days possessed
sufficiently high signal to noise ratios to permit decomposition and
detailed snalysis of the merged longitudhmlvnr‘ﬂlauin components.

To facilitate this analysis the spectral data vere transferred in
digital form from the MCA of the DAS unit to an HP 9825 electronic

alculator er).. Since no’ ‘e between, the machines

was available, the required 15,360 MCA channel couit values for the
*15 spectra were. transferred manually with the aid of a dictaphone or
telephone, Once tramsferred, the data were stored on magnetic tape

for future anlysis and graphical reproduction via the plotter
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Compositions of upg:::; stored on the HP 9825 caleulator

vere used both to compare boundary regfon spectra vith equivalent
spectra obtained far frum the bcundnty and to investigate the
pacent!,al effect of shz:nk.tng chx région of observation in the grain
'noumlury spectra. fwo series of composed spectra corresponding to
bicrystal orientation nuimbers 2 and ¥ are shown 1n Fig. 5.4 and

Fig. 5.5 respectively, The first spectrun in each series is a con-
postte of the to.apectra obtainél vith reglons of observation 14 the.

upper and-léwer monocrystals at least 1 mm from the grain boundary,
s . N

Each of  these spectra 11 tes the expectéd
of a Brilléuin spectrun having & region of observation thit, vhile
cen:red on the geatn bowdary; vas'sd lm.'ge that sny ldcalized

effec\:s, associated with the boundary were neglv.igible. N6 Bign.tﬂcant

" asymmetry in the paired longitudinal components is visible in either

4] st
of these spectra. s i >

. - B ;. i
The composite spectra from the boundary region {llustrated

in Fig. 5,5 ohow. asymetry which tends to increase as’ the effective

Teglon of 1s ized in the of the gratn '
‘boundary. A very substantially reduced dtameter for. the regioh of
observation might yield a spectrun resembling that shoun as number 4

in the series, rma composite spectrun {ndicates. the effect of

el the- of light 4 by portions of the upper
and lower monocrystals lying far from the boundary: The spectrum
‘as. formed by the far-from-boundary spectrun

“number I from the near-boundary uygcttum ‘nmber 3, . Before: subtraction
the spectra vere nornalized such that fio " portion of the resultant

ctuposite ‘spectrun dtpped below the baseliné daternined by this

s
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Mk et 2 .

Gomparigon of the spectra-shown in Fig.: 5.4.with those shown
in Fig. 5.5 indicates the striking dependence of the observed asym-

metry on crystal orientation. Both series of.spectra siggest that

the effect giving rise to the asymetry 1p localizéd within a region X o
near the boundary which is mmall but mot negligible in thickness
wl::: compared with the :21'mm diameter of the region of observation.
(i SoREEaRE, ‘s BoBAMEY LEeslE, Bifng daffned 4erd rexloniof dater
lmediate acoustic properties, is negligible in thickness compared to
.21, mm, ¥ ’

To further substantiate the above conclusions and to more bt

completely analyze the spectral features -accounting for the observed
asymmetry, the spectra were decomposed into individual components

associated with scattering in one’or the other of ‘the two monocrystals.,

The. on waé led_out-through sy £ the 1 i
g spectral components using the fiye parameter lineshape function =

given beiow: s

L1y 1 T+ AR )R

, . 5
1w Ip(l + 4,2

e e
Tn equation (5-2), T denotes intensity, I, is peak intemsity, F is

frequency, ¥, 1s peak frequency, H ia £ull width at ‘half peak inten- v

sity; L 1s an exponent to account for multiple passing of the inter-

férometer and A 1s a small coefficient giving a litiear dependerce of

i half width on frequency. Equation .(5-2) is basically an exponen- i
5 3 B |
tldted Lorer Vhile the function for a 4

éingle pass Fabry 18 , Lo and that for )

three passes is approximately Loréntzian'to the third:pover, the
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principal justification for using equation (5-2) vas.that it worked
well in modelling both the Brillouin and unshifted spectral com-
povents. As well, it explictely 1ndluded the ‘physically meaningful
barisrias I, ¥, and H. The paremeters L and A carried leas fntui-
tive -mgnmm but were found essential in making the lineshape «
function flexible enough to yield good fits. The value of L lay,
between 2.4 and 2.7 for the unshifted components -and' lsy between .85

and 2.0 for the lon “Brillouin . The par A,

used to 'bu.k éymmetry of the lineshapes about L hajl magnitude less
than .2 in a1l cul:a. E
Brillouin spectra vere sythesized as sums of 11.n=shlpe Fune~

tions of the form 5.2 plul an added flat background tem. The syn-

theses of all 15 grain boundary spectra were carried out on a graphics

terninal connected to the EDP:11/70 computer system. The methdd of

trial and error was used in fitting the synthesized:spectra, with

the criterfon for a good fit being overlap of the plotted summed

- “lineshape functions with the plotted raw spectra data. A susi squared

error term was evaluated with each trial and was used as a guide in

some of the However, an overall minimun in

sum squared error did not specify a ueful £it due to the mearly 1000

£o 1.ratio by which the height of the unshifted componént typically

exceeded the heights of the lor 1-Brillouin co

Because’ of this high ratis, & small error.ii fitting the unshifted

component, particularly in the wings, tended to obliteraté the

longitudinal components.

The £irst step in the Ehtalint derr Fitting procedure was
£6 fit the central comporient with a 1ineshape function having least
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lqlurae vlhle for Ip and F and having vnlues fnr H, L and“A which
ylelded gm)d overlap in'the wings extend!.ng beycmi the 0. zx-of-pe.k-
lm:ansi:y points. The Ilne!hupe parameters for the centml cmnpon!nt
were then held constant vhile fum:t!uyls were fitted to each individ-
val longitudinal or transverse Brillouin component piusent on the

spéctrum. ‘The components were fitted one at a time, usually in

sequence from left to right across the spectrum, This sequential

fitting procedure was then. repeated several times until a goodoverall

fit was obtainmed. . In almost every. case, the final fit lay entirely
within the scatter in the experimental data over all regions of the -

spectrun excluding that portion of the udshifted component 1ying aboye

the 0.2%-of-peak-intensity points. The slight but nevertheless sig-

nlficunt error in fitting the unshiftzd component. ca\l].d not be nvoided

without increasing. the mumber of pnrameters in the lineshape function.

- b example of a synthesized Brillouin spectrum, Plotted slmul:nneouly

with the cntresl)nnding raw data,is shown in Fig 5i6.
The time required to complete éach trial and error £1t vas |

about .two hours. The-totdl time required to fit all 15 spectra did

not appear .to_justify construction and programming of a spectrum

fitting algorithm utilizing wnlimr_ least. squares methoda combined

with a set of appropriateé coustraints to ensure ghat all parameters

"renained within physically meaningful bounds! While such an 'algorithm

would have the advantage of treating all spectra in an a priori ‘iden-,

tical manner, it s whiether any

in the reliability of ‘the spectral decompositions would ‘be obtained.’
Howeyer, id view of the' fature of the methods used for spectral syn-

thesis in the present instdnce, the resultant derived data are

. g ! :
* appropriately ugéd only in qualitative analyeis of ‘the Brillouin
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v 5.6 nucunun lnd comlulggg

5 - i b tmediate ippl‘luttnn of the ptucess of epectral decon-

et /ohlervlcim. Fig: 5.7 _shows;

e componeits £itted to. the w0 -u.;hny o!f—r.zn:rod bodxidaty reglon |

lpectn den'.sn.ud by n\ll;b!:ﬂ 2 lnd 5 in !’15. 5. 3. z’he ;I.ines_h‘pe .

tunctions corresponding to the - dom!.nant 1ang£;nau.1 ,components in

the tva boundary, region spectra;have been deléted i foraing Fig..

5.7 'thus yielding a, cnnpnsi:e spu:trum shnw!.ng mu.oui.n ncatu:ing Sy

'ixum only :m‘m portions of tbe ngwn.s of ohlewltion lying m:en:
e Diey ; i )
The: general uimﬂ.a!lty betueen Fig. 5.7 aad;thie lpectm
numberéd 4. 4n Fig. 5.5 a c drawn %
& i

tegll’dina the thinnesl of :ha bomullry and llw Tocalized nnturc of

{lis. oFfaat" uuagng}hg oknmed uy-u:m The tiio spema. while. R

both m bierystal tai mumber. 3, ‘are umpms £y B

fl'mn imlependenr. aets nf mu.\l!ad spectxﬂl dlta and :ep!esenc dii— &

ferm ‘methods nf
Te ¢lose " { fn

tlﬂn vmdd yigld eq\llvnlmz r!illll‘-a» No attaq)l: was ‘made to
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with proxinity to the boundary modified the peak frequencies of the
observed

: for ‘the
modified appearance of the boundary region ‘Lpu::n, 1n particular,

changes in the widths or of or the =

. tion of a third on the’ 102

pgxr;. were
found inconsistent with observations.

The primary evidence for the above donclusion came from
attempts to synthesize the various grain boundary spectra without
changing hg parancters, .E,; for the merged Long1cudinal componantl

fl'om those vklues .ppibprh:a for spectra \rith tellonu of bbsarvation

1yi.ng far ‘frol the buundny. In all cases, no combination of values
p , A

for the remaining four paraseters in equatipn (5-2) ylelded good fits,

to the udinal pairs. no

was obtainéd by & a third ht assumed to

t6, some intersediate acoustic velocity. Hovever, vhen ¥, vas taken
as a variable parameter, good fits were ob!:lxnad with values for I,
#, L and A Correspopding Fesscuably well vith those values used fn
synthesizing spectra obtained fa¥ from thelgratn boundary. :
‘Fig. 5.8 gives a synopsis of the 1'oum.d1.{m frequency
shift data for the near-boindary and: far-fron-boundary. Brillovin

spectra at each.of the three t The

frequency. shifts were deteratned: fron ‘the values of the parameter F

used. in su}x{;g the longitudinal v:mpunenu on the, various. spectrd.

The undary shifts vere by £its to ob-ernd‘

-pactu w.lth reglons of abuam:icn ppm !.m-nly centred qn the
oty Stace: these reglotis Of chservation were probably wider

' than-the thin local region by & maximm

p 169
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to the fi d equency - shifts, the‘

in Fig. 5.8 sapredut windvism riines: That 1s, & Brilloutn spectrun
emanating from a more highly .localized region centred on- the baumiary
nﬁ\lld be e)q)m(;d to sI\W equal or greate: chmgea in longiludiml

frequem:y shift rélative to shifes’ neasured fir - fron the bauw:ksry.

7 ‘The: ptincipnl pnrpoaa of F&g. 5 8 15 to point: vout the direction\ot

Ted S U damjl

these changea. . : o RN e

No clear pactem 15 appﬂte.nt in the data l,llustratad in Flg.
5.8. This suggests a'fatrly complex xel}:xonship betveen observed

shift de #s. and the ori n of the two mono

Gyatals Yelattve: o tieghondtey OF thie Brillnyﬁ.n scattering apuu,
s well, observations may have been affected l_:y thé orfentation of

‘the pline of ‘thé boundary although this orientation remained npiants &
mately constait s:Lm:e the Boundary vas nea'zly normal to- the axis

ubnu: vhlch :he sample was rotated: e

d_analysis of \éhe physical processes glving rise to

the frequency shift deviationb and- eansequnt asymetry. i Brillouin

spegtra from the crystal grain. ‘boundary réglon Ties mtside the ‘scope.

of the present'work. No ardlogous Brillouin 0 Srudts

of -the boundary :egm in bictyncsl].!.ne samples of any. aubstance

tave bean repun:ed in ‘the. nr.emr.ure. Bunhemo:e, the tBeory of 5t

“Brillouin scnr.te:lng By bulk scoustic nodes pmmgacmg 1a autsom
 ‘tropic media fear a plane of steep gtndient(l‘l\x aiscontinuity 1o
< elastie ptoperr.les hag mot been publishedl. Some work on Brﬂlou!n

cauers.ng\fmm surfate: rmdes in . transpavest thin mmsn +82 and u

opagque medin " has,. huvaver, beén carried out. . While the géométrics \

“and :echniquaa employed in these experiments differed greatly Erom - |

]
f
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84,85,86

- e those desgribed above, the methods of zheouucu mlysh
and the axperimen(nl obsérvations may. have some bearing on the
interpretation of the present results.

The wavelength of the phonons yunung the observed longlmdi—

: N nal Biillouin scattering in ice s 2.77 x 107/ m, * This distance

28 d s traverses about 500 unit cells and; if assumed to substantially %

exceed the thickness of ‘the region of disrupted crystal structure . ¢ . ¢ *

the graiii boundary, would justify trestment of the
g boundary as'a’ ¢ uity or surface. modes .
87,88

of the. type described by Smneley cold be expected to propagate 5 b

- along the bmmdnry PR — of: :hesg with-the adjacent

acoustic feld ‘in the bull®* might account for the absesz frequency #
shift deviations in the Brillouin spectra. ' ’

The :heoutiul work of Fletcher mpiiea the axlstaneaet, . o
il a qunsl—llqnld layer on zhe surfm of an ice cry tal. rm{ layer

is hypot:lwsized to have thickaeas het:ween 1x107 and 4x 20w

w Fo at ~5°Cc, an4 to blend continuously into the erystal structure of the .
underlying 1ce. Higher temperatures: or thie presence of mpuutus A
vould give rtse to a thicker quaai—liquid surface layer vhile -

pure ice at :eweumres below ~10%C the layer would tava s tht:k;—

“pess. x-:xper:.muu have luggeated ‘that’ an analogous liq'nldvuke §

].ay:t exists_at the interface betveen ire and othet matertais and at

dce crysr.ll gtaln bo\mdari“. Theml ccn!tul:tinn ltudiel with a.

siumn stral

" gauge embedded m the surface of e ee siigle crylul

Evidence for a yxmu unen—like Layer her.waen K -m inpolycryatal=' .

b ) . ﬁ.ne See vea pxwtded k i # of, o1 mua oi




céstum’ thirough enall. pulycrystAllS.ne umplsa.

Based on published reaurch to date; & relisble estimate

the } . nature. or of a (liqnid-

1ike) bouwndary layer in the sample used in_the present ﬁ'vesuguion‘
1 not possible. * Cleaﬂy, such a layer could Fer marked effect on
the acoustic, pmperties of the local' region near the boundary, *

the iayer had thickness spprodching. 0:21 mm 1¢ would be directly
observable, by Brillouin apectrour)‘;y‘ﬁth the npé;cu,.gtup descrbed

above. . However, even taking -intd account the aignifiunt impurity

concentration in the “sample and the fuc: chat impurities, whan‘co
g cmtrated at the grain boundary, would énhancethickiess of a dis<. -
T ) 77 rupted layer,’ . proh-bla that the boundary reglon wds thi.rmet

2. -_than the region of whservutinn by a fev orders uf mugnuude.

a 1uyer with g or exceed-

S R ing one acoistic ul'veleng:h appesre entirely plausible and its

* potent:ial existence omst be tak.an into nanaidentinn in any utt-pt

to Interpret ‘the ahwe llrl].luuin spectrol:nplc nbsetvntion Weeis a8

i terms. of interactions’ betveen. Sul¥. i sirefach acometis modes).
Few methods exlat for directly observiig or’measuring the

"phystcal propertiés of: ice erystal grain boundsries. With the éxcep-

{'tlon of the x-tay dLEfractic used, "fo: )

dxanple, by mguhx.“ 1%

wost: uq;e:imnu have been huad on

medsurements of mk pmpazczeg of bicryutaluna or polyl:l:ystllline




measureent of grain boundary properties arpear highly deoirable. .
‘It has been dmmmu:ed above' that a highly Localized reglon of | 2
obaervm:ian cmbined with a very nhort ncoul:ic unvalengr.h makes . T

Br:ulvuln !pectrﬂseopy uﬁeful for uuch ‘direct mnmll'enmts. Y I: is

hupcd ehm: full i.nmtpl‘etation of l:he u‘l-ting obierv-tlnns, fol-

PR lowed by further Brillouin expériments will, in the mesr future, lead

‘'toa. c ent in the v of the grain

b o boundary region in ice.




ol 5y : tw CHAPTER 6
o ey /
SYNOPSIS' OF RESULTS.AND DISCUSSION

6.1. The Brillouin

The results of four indepemienc deterninations of the clastic
moduld of ‘fce by Brilloutn spectroscopy have been quoted 13 Chapters
3.and 4. The Lce ‘samples utilized fn these measurements represeated

widely varying efvironments of formation.  Aside from the resultant

vériations in-crystal quality and purity of the samples, all experi-

mental parameteis except the :em’pmmre vere kept as-nearly con- *

stant ‘s possible. Hmce. rel}.uble conclusions ugnrding the dep&md

ence of the elastic properties of ice ‘on'the environment of oras
tion can be drawn from the' data obtained. 'The change in sample
temperature from -3°C for the artificial ice measurements to ~16°C

for the measurements on natural ice may slightly increase uncertainty

T i
inconparlg the respective sets of results. Hovever, this uncer-
\

\' B inty 1s not viewed as aignificant slnce detailed :eu\%ta regarding

the ;perntuze dependence of the elastic mdun of . {ce are guoted

1n\\tl|e Literature’ 30;35 ‘and-since the cbmge i alastre prapertion”

nver\a 13% témperature Tange s relatively small.

\ H & \ The five elastic moduli determind for each-of the four ice

i . + . ‘samplés: are listed, for purposes of comparison, in Table 6.1 along

., wth :  values' deter by several previous authors. °

"The present ‘results will be compared with those of previous authors *

..in Sec. 6.3,  The, derived quantities appesring dn Table 6.1 are
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. .discussed 1d Sec. 6.2 and in Sec. 6.3, The elastic constants'of:
R

ice have been’ to ‘to a’

have been reproduced, fot »referenu, in the fo].\nw!.ng section.. -~
3 - T g

The 5 and i s s of the imcer-

ok " - ‘taintdes in the é.amc constanby hnve been cmbined 4n Teble 6.1,

While the systematic error companent s comon o all five elaatic

ned £6r an {nd: sample,  randoni- vartation fn

this. unmpcme‘nt oceurs-among the sete of ‘messuremcats £ron each of
" the four .uamples. The: syptesatic. uicertainty was due pritirily-to

uncertainty in Lhe scattering angle, o (see Sec. 3. A) nud, to a

= angle vas reAdjusted between each of the four determdnitions of
.| elastic moduli, thus  apdonting error m its value: he’ density
5, was also am:umed to vnry randmnly f:cm aemp].e to dmple, wi:hin :he
3 faoge shectEisd by the ‘quoted uncettlinty (seecsec. 3.6 and Sec: e
! Inapeman of the data lis:ed in Table 6.1 il general

sgrecnent anotig the Brilloutn 'pec:zascopically determined, emm

moduli: of the four ice Bamples. Alnong tha 30. ers of ellal:ll: conmr

S.0 ol etants which may Be ielected for. - comparison, 21 shw agremm:

.. " tien, -vhtle to pau 1s Separated by.more than, 2.3 u:nndud devh-

& ::hma. The maximlm discrepancy is Eound in cml:ltina €4 £ iot

11 dce Hil:h ths onding val for ldne 1 e,

o
It is, Lllu! cDmluM that no signi.ﬁl:lmt variation 1-\1 the-

elau:ic moduld of local Thisacaenbois zegionl in"fée can be_ identiﬂed ]

N lesser ax:enr., to uncertainty in the density, p.’ The smmring n

P . within the qunted unce!ta!.ntias. tluc is within oné Eum‘ll!d “devia-

of -16° using the temperature correction equations of - mm which -
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user which the sasples studfed were forned, 1t 1s further concluded
thet any differences -meds.n; = 1n the elastic properties of
; sxbitrary samples of natural ice are ‘slmost. certadnly attributable

"to factors other than variability in the woduli of Local hemogendois .

* ‘regions of ice. Curves showing (m-mm irequuy shift) va. v -
(-n;le nhuve to axis), -pecinud by the duzu constants

determined for eldl Df the four Alllqzlu of ice,” are shown in Fig. 5.1.

The :mdm:y oi :hg elann: moduli of ice to decruu vi:h

sasple lga, as noted by n.nu 35 fas ‘not'besn dempistrated m the': -

pmm measurements. Accumuldtion of Brillouin data ftnm the
mugc:m ice o stals vas comenced only a féw. hours fcllwin;‘ i ’

freezing. and was contimed for up to six wegks, During Such time

periods, mo ap change in the of sound vdncity'
o u,'.’m oédintation sus motel. Puithermiri; wliils samples ofy | A
)!:ndmhnu ice were presimably smealed at the freestag potat for
_tizé peridds gruﬂy exceedtag the eight months over, vhich. m san-
ples of Dek1?5 vare aiad;” thi agracact of Haty umxe Gastants
um: those of the unaged artificial tce samples'1a excellent. Addl-’
tonal atscuastin of the presest rénilis an “comared wten ihose of

Deat133 45 tne: Ao see. 63 - Fie

\ 3
m—sdun:rlthn oi di.nulv.d onic ho!ul ln wnt‘er

‘time of freezins does wot. sigaificantly .zzm e elastic ]ﬂ.'aper-

cm'of In“ ésultd fco. This co mup from

r.he elutlc moduld of

mu: imp\lntl,al pu-m at the lfle of !rnul.u Vll’lu “over lev-xll

ozdu oi-mﬂ.tﬁ.maunumdﬂuhubl ﬂ.lt!llednter




frequency shift (1) versus
ropagation dixacl:lm relative to c axis (y) for sound *
Veves briu'. A.I. - curves specified By eluu.c con-
stants dete in present
ice; M.G.I. wghdn!ce,nt.—gmx
(fm- Paddy's Pond); S.I. - sea ice. zl.uﬂc m-unu
are quoted in Table 6.1. 3
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o use]rl in growing the artificial ice samples.’ The glactal ice and, —
e .

~. ¥ 1 iece samples presumnbly 1nclnde 1nteme(dlnte levels of dlssnlved

urities.” The results of poxtlnl water analyses from the four

8 ples are listed in Table 6.2. OO

SR I —ondy “ehe 1aks co, sample, was' sufficiently- latge to provide
% - o =
; o G e ot e xeasoriably coapleteanalysis.

i . This annlysis was carried out by ‘the Memorial Untversity of Newfound- s
P Land Vater Amalysis mm:y The total volures of both thé Henden- . : a
" hall ice samples st aea 1 samples provided by CRREL 'were each~ . 5
less than 0.1 ltre. Thus, these samplés vere not unalyzzd. The
impurity concentratiions for Mendenhall 1:& vére taken fron an analysis

of melted mnnoc(ystaui.ne Menderhall-sanples reported by Higuah1.75

The r 1 for Mendenhall ice was. quoted
- )

e Yoy e EY T e e concentracions of atoospherit g

g 565 hund disaolved m meltwater from Mendenhall uymua. The

salinity, -expressed in parts per t)musnnd Mall; 5 pett o8 HHE chra 7
from which the sea. ice sample was' extracted,vas measured by CRREL.

The 'Lack of depelifance; o the ‘elastic constants of ice on
<~ 2wy . the impurity concentrations present at the time of freezing probably -
reflects the relatively low level of impurity ioms actually dis-
persed vithin the ice crystals.. The.fev ions which are dispersed
uniformly (indicated by the Mendenhall ice analysis to have concen- o
trations fn the neighbourhood of 1 part in 10°) apparently do not
dies BEEECLGN Yokl Hhsike disruption of the crystal lattice to
'» S significantly modify the elastic properties. Alternatively, it *
| " may be'possible that while these impurity levels do significantly

/ B0dify the elastic. properties of ice crystals, the levels actually




5 " TABLE 6.2

» ' . ANALYSES OF WELTED ICE SAMPLES \’/

Foamate ATEficlal Glactgl Tce ‘Lake Ice . o Sea Tce
Samp s (begré : (meltwater) (meltwater) _(meltwater)
 ‘freezing) .
Conducevity © - 1072@m ™ V1074 @m ™t 1073 @m Tt
P . 5.90 - 5400
Na* % % .60
- mpuriey | c1” - ' '
3 Concentra=* * ¥ ”
Y tigns in CBH = 1y
ppm by - :
_Weight 'S0} - D .8 < -
gt = .02 .03 s-
m - - ‘o1 =
Fe |, - - .03 -
x F . .07 oy
+ AL
; et N'l;l[' - - .025 =
I - - To.0g2. - S
R j005° o




3 : By W
incorporated’ in the crystal 'lattice 'were approximately ehuivalent im

all four.ice samples studied. These’concentrations could in tyrn

» }

for 1

correspond to the 'equilihrium p
foreign lons in annealed 1ce.” A simitar situa(lan An a11\§gkexxhaod

precludes any possibility of ‘asséssing the effect ‘of dtssotved

atmaspho_:!.c gases on theobserved elaatic prnpe!cies of e‘h four

mpm .

It is not glear whether of.not higher concentrations of uni-

foruly dispersed ionic impurities might. exist in unuqneu' d ice

s = slmples frozen rapidly from impure water. | Clear mann:rystalline ice %

o samples 1ncnrputating uwp to 7. ppm- uc1 have been grown and atudiedA -

" The mechanism of 57 HEL ar suek chhenath S

. . i
but' not® . “The .poly uine -bulk ice -

"smple from Arnold's, Cove Brook: (see Chapter 5) fricluded 20 pom: o

excepting the

and 13.2 ppm N& (see Table 5.1) but ‘névertheless

presence of . /_a;{fg;.z bubbleu, appeared unifoimly transparerit. ~As
noted prévigisly; the sample yielded pound velocitymeasuremerts . ' .. .,

“ /', matching those of artiffcial fce. A significait proportion’of the ),

By * fncluddg tmpurities is (e samplé may have bien adcomodated at \ [
crygtal grain boundaries. T e e
*o. . . In summary, it'has begn concluded that the'iumre]ént‘icn_

- F o red L A
B . prucess accempanying freezing and subseqwenl: mnealing nf :he

natural Jee smples{s/:ud_ied m the present vork has been reln!.vely
entmtlons to

efﬁ.cient, That 15,7t has reduced impurity

levels ylelding i or g Cof m ice

crysta}/htticn as evidenced 'unifomity in .the elmmc Sy )

pl.'npartlea of ‘the four ampu’ Unarii ied aumple!, Erozen t!pidl g i
% Y. :

- Y o



higher di rqed !mpuri and hence abls variats in

elastic px‘cperties. Further thenry and experimental: work along these

Idnes 1s ne:esssry‘ Neve(theless it spl)ea!& that in asseesing the

micxmopn: ladtc 'behaviau's of post typea nf ‘dce occurring 1n the

’ natural envitonme‘t the presence of impurities dn the vater at the

. time of freezing can be diarégarded. of cmlrse, the bulk elastic

broperties will be” strongly. influenced by anf au, brine or salt
inclusions whick nay be present in a given lni::yle. Whue‘ a diuusL
sxon of the poten!lul effects of such inclustons lies outside the
secpe of the present ‘work, the ‘resilts obtairied here are Lnunediar.aly.

- applicable in one .respect. That' s, they estsblish a rzlutiVEly pre=

cise and expermeqtally veriﬁed linit for the eh!:ic properties of

porous ma (s6a: 12) as-the fractional voluné of the pores npptnaches~

zerd. Such #'limit forms an mpomnc component of most elastic

models io: sea dce 08 |

He présent Brilloutn, Recl’.xoscopie measurements indicate

“that & s:uptm of ice crystals’ by;strsins exceeding. the elasr.ic g

nmc does not g;lve’rise th signmcm: Volumes of ite possessing-

elastie profesties diffgxing £rom-thoge' of unstratned monocrystalline

e, i from: the sea’ ice sample (sée Fig, 4.3) show .. .
disruption of the rystals, If this p
exr.ended over volues able  to the Brillout s

acntteriﬂg volum, then ‘the effects of che resulting c(mnge Ao the
Local symmetry of the ice could be expected to appear in"the Brillouin

- opectra,’ < For “exsimple,ME - local strajn had caised the I

aesrruccinn of, the u‘ystsl lnttlce ulthin the scattering volume, then




84 appropriate for anisotropic hexagonal ice. No signiflunl: dis=

of "the sea Ice Brillouin spectra.

e l:dtuspoudiug Luue pho:ognpm .

Thus,

the, observed sound velccities would be characteristic 'of an amorphous

‘and hence xso:@pic medmm The' sound vemcuies' would then not

d nEcessaril‘Y satisty the equations (2:20) and (2524) vith coetficients;

‘grepancy was observed in the sound veldcity data determined from any

As vell, a Brillouth spectrun from
a dample of bubbly dcebérg ice (corresponding fo Laue photograph K in
g’ 4.3 showed all three acoustic components having velocities satis-
: set equal to thok

fying equations (2-20) and (2-24) with the Sy

valués quoted.in the followlng section for monocrystalline ce. Sub- 1

Btantlul of the 1s in the polycrystal-

line iceherg ice sample 15 indicated by the o I D 2 o
* e fast’ thit crystal disruption’does not .appear to uf:ec:

he observed local eldstic prepexdes of ice.1s probably & coﬂsequence

miwaling or recrystallization b'hich occurs folloving dutu}uon‘

en a large ice monocrystal is disrupted, it eventually becomes'”

an aggregate Vof'smallel‘ undisrupted crystals. ’Thes(e small crystals

have volumes the .Brilloutn volume"

(Linear dimenstons 0.2 mm) and have elastic properties identical to

those of large unstrained monocrystals. The above observations are
. o peer 4

not unexpectéd in view nf the tendency of ice to recrystall!ze
. following disruptive s\ r.lina, 28 noted in, seyeral previous experiments
(for review and references; see Glen,® Chapter VD). - e

Si@m.sig‘ntﬁc&n: variation was uhaerved snong the elastic

propertigs—of . the Enuz ice nm'ples studied, the four sets of elasic
. v 3 :

conggants viére Sveraggd to form a single ‘set for use in calculating




Pows 5 . = s Toer |
the derived quantities ,ciuc_gm'ed 1a the folloving section. Each' .
= elastic constant in m‘ averaged set vas taken,to be thé arithmetic
Sean of four. values for that constant, obtained fros the four types
[of~dce and welghted by the festprocal of thelr respective staidard
)mu;w “The veighted meas values thus form the best éstimates
for the elastic modulf of an srbitrary ice sample wiich canbe .
obtsined From the preseat data. The uncertainties in the nean values
vere deternined assuaing dtatistical ndependence of the uicertainties |
1n-the four, Taspective measured Values of the elastic constaits. \
Y These uncar:lﬂtl‘gs m, applicable in assigning the'quoted wean *
Y'vu " élastic constants o an Arbitiary 1ca sample only if Sample-covample. |

variation in ice elastic: moduli is assumed to be negligible.. The

weighted mean tlastic moduli of ice, along with 'a number of derived |
‘ ' |

quantitfes, are given in the following section.

tie behaviour, quantities derived from = &

the a].nlsr.ii: moduli of! ‘possess more immediat¥ physical significance. -
than x;m‘:.enler ¢lements themselves. For instance, in engineering
applications, the elastic properties of ice are ‘often.most sppropri- |
ately dl.lcu-ud in terss of parameters'such as. bulk sodulus, Youg's

_modulus or polycryntluing averages for thd variocus other quantities |

z __wm- e élasticity theory. Derived quantities. are |
w ¥ E 91»0 ugeful in cnmparlng thie elastic properties inplied by one ‘set

L. of exparimental resuits with those detérmined by a

i

|

me. 'di(ier!nz mnqm‘

of -measirement. Folloying is d d-:em:.umg of most "of the wmanl)}
used elastic paraneters, based on the weighted mean elastic constants

I
|
|
I
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for natural br artificial ice at -16° as deternined from the Briliouin
K spajctrascoplé data. ‘ "

) Table.6.3 1ists the weighted mean elastic constants-calcu-
lated from the'four sets of Brillouin measurements, along with several
quantities dexibed £rom these elastic censtan:es, Uncertainties in
the derived quantities have been caleulated ‘assuning statistical inde-

" pendence of the uncertafnties in the five individual elastic constsnts.
.+ Strictly speaking, this assumption is not entirely valid simce some

degree of mutual in . of the

results from . . {y
“the mannerin uhich'the clastic constints_are conbined to forn the.
sound velocity'equatipns. However, this interdependence 1s veryl e
“conplex and ‘1s 1ikely dininished éubstantially in the process of
averaging the four sets of -meagurements. .
© 7 stattetically precise error estimates for the derived
_qumuigs could be obtained) pumcieally by répeatedly perturbing 4
each element 1n a1l four sets Iof Brilloutn frequency shift measurements
~+by & nomally distributed random variable of appropriate standard
' deviation. | The desired derived, quantity vould then be caltulated a

large pusber 3 times’and & quastenpirical d

ST neceusary data For ithits yeh o slapyation Has bees  fheloded: i

the previous chapters. The meth Ives extremely voluminnui
calculations and hence has mot been lsed here.
‘Several uf the derived paranters quoted 1 thls section lack stated
:uncertsin'.ies. The probable errors can e deternined from data
. included 1h,this-and the prevlcms chapters. However, the uquiud
R lengthy oalcnlctionu are‘of Iipited value. since I:hou parameters
| without etur.!d sicertataties are useful prmruy for calculating

further der:vad,qumcuua. To avoid' the possibility of ‘generating
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7" TABLE 6.3

N

ELAST]C PARAMETERS FOR ICE MONOCRYSTALS. AT -~16°C

E(r=90%)

96.92+.49 °

. v Property. . Symbol Value Unite
g ¢ 139.29.41 16%/a®
gl w4 70.824.39 10%/a?,
Dynsmic” elastie moduli 57.654.23 10%/m2
150.10+.46 10%w/m?
30.143.11 10%/m? -
103.185.52 102 )x
’ : 42.870.45 1067%2
Dynanic elastic. compliances sy " -23.16617 107%2 /5
o3 84.41£140 10
. . ; o2
e sy 378121 10 %%/
Bulk modulus’ K 88.995.17 10%5/m?
Compressibility (- L 112.388.21 Ci 22y
Goeffictents in expression for [ f « ° 37.14.12 1071202/
1linear compressibility (see ° . <\ 19
text) . X i 954,31 107 %2
. - .
Coefficients .in expression & . 103.176 10%%m -
for reciprocal of Young's 2.2
modulus (see text) o 79.108 10722 /n
. ' e 97.871 i0¥?
Young's modulis at y = 0° - E(e0%) , 118.46::56 10%/m?
Young's modulus at ¥ = 50,5 E(r50.5°) 83.92 roby/m?
*Young's modulus at ¥ = 90° 10%/m?
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1 | B . ® 8y “7 N N
. g b B Ba . gauz 6.3 (Continued) . B M E
5 i . Property . ‘Symbol ‘Valie':. - Units "
RS * =
- > 16903 . 108wmls . .
S V1 . 10.81 Al e Ty R
T UL+ cpeffitients:in sound velocity 109,15 - 10%/m? e
8 equatiods, | (2-15), (2-16), and v ) 45 E7
=17) " Ky +: 138.514897 '10°N/n" _ 2
A . s
147183748 1%/’
6847 . 1o%e? . -
: Gl e BEEES
. 3 e f 3 8.19 1084
4 . } 820" -
2 Sound velocity integral 122.33359 . 10 N/n’ E w
. (see text) L
i . = 4
’ i
. | : . 5
<
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.+ 7+ uinecéssary round#off error in subsequent calculations, such fnter- '
4

‘meddate parasstérs have been quoted with several figuresjbeyond those -

Ui 5 %&n are significant, 3 g ) A o
i v ¥ & . X J

(1) Blastic :mwplianca constants 17 E» : . £

& The elastic compliance :oné:anra, 8y are the elenu of

a ’ the matrix vhich is the inverse uE thé .6.x 6 merrixvley J: For nedia
<. . of hexhgonal symmetry, the o matrices [cq] and [,15] are of identi- /
cal forn (see ye? or Huntington'® for’ detalls). ‘Quantities such as

voung‘. modulus, 1inear &mpmsﬂﬂicy and bulkc modulus are most

» aj.mply expressed in terns of the cnmpllanca constants... - As well, the o

R i ., compliance’ constants appear in the upreanon 1linking. the adiabatic.

and isothermal elastic properties of a mediun (o be discussed sub- . °
& sequently) . The expressions below for the s,  n teria of the ¢,y
; have been adapted £romNye® and are appropriate: for hexagonal media,

N (

2
. : ) J 11+°1z)'°3;'2°13

A 5 ('01'1‘{3 iz) /»[éz(nxl’nléil 2 e B ;

g [ 162
EERCLLL

. i p
833 = Aeyyte) /e
3

.- B4 = Moy,
Values for the,s,, for icé, caloulated via (6-1), appear fn Table' -+ T
s 6.3. The elastic nomtnnt ¢ has velue" 15772 L457x, 108 /w2, TE
% shculd be noted l:.hat the- quoted nncer_&uintlas in le sij are f X v
definitely not 8 1ly 4 Hence,’ .




nalc\ilnz:ﬂ from the sy nmst be vrittan duecrly m term& of the ey o

13

%y w . (i) Bulk mod)_xlus} , R !
: i oy
Sinbi . - The bulk modulus, K, is the ratid of appli®d -hydrostatic '

] € piessu're uAesultAnt fractionsl decrease “in volume. fts value 1h

X . tarmg of the © o is rallly Getepmined directly £rom Hooke's 1dw. The

" resuiting: expression ‘can be w‘ritten in terps of the'e,) via (6-1). - i,

The Volume c essibility, C, is -the :ec&ymcul of the ‘bulk modilus?
L A ; .

The  expressdons appropriite for media at hexsgonal symetry are:

(silﬂuﬂm) +4(|13+533-u1 o = ) :
: - @2¥ v

. ® T - 4% A 5 2 .
| : x ““33‘“13’ + (ejrtegy ‘13 el 7 e .

The _valve for the bulk odulus of ice at -16% c, detemined via (6—2)

s given in Table 6,3, This value cnrrespondu to the dynmc bulk ©. §

modulus. The static (lautheml) bulk mndulua will be quwted suh-

- : seque.ncly. B ) = (i R o

i # (xu) Linear compressibility y oo \' . . 2 "

s (e 4 _'The linear r:ompxessibtu:y, 8 ts the tnverse ratio o

applied hydrostatic. pressure to resultant fractional decredse in
st length of .a line having a specified orientation réxa'm?e to crystal &0
. 2 2

synmetry. 'In media of h.exagmul symetry, Bdependn on. theangley * . -° : |

between the 4 oi and’ the h al axis. VieHookes:

law, the T e be: o L




s
X\

JR—

i

/

 readily’ determ elastic aters for either

By +B, ;:cuz';:

where: B;[ - (511 Th 1_:) -‘(c33-c13) 1 2 N B, . ‘(6—3)

= (s,

- v e s
15%0337811 ™ 12) Fygteyy iy o) 18

Valdes for B, and B, are quoted in Table 6.3, The small value of B,

relative to 8, miplies near isotropy in the linar compressibility of

ice. * The haximim varis : of B with 1 2.6%.

less, ani ‘beyond tal

4s noted.
" Isotropy in B 1mp11es that :he ¢rystal lattice does nmot change
E slulpe ‘under hydrosutic pressure. “In icé, “this would imply that the

c/a fatio be 2 of * An x-ray erystal

detarm.na:inn of the pteseuxe dependence of c/a, amlogeua to the
“detailed ture"

studigs of L Post,’% has !
& &

unfottiinately not yet been carried out and reported in the literature.

The model of ice uséd by Penny® in'Her theoretical determination of

T T I . B -
elasti¢ moduli yielded the resttiction B; = 0. SR

(4v) Young's modulus N

e

. 3
Yourig's modulus, E, 1is'the“ratio of applied longitudinal
stieks to’ resultant longitudinal strain in the same direction.. When

static measurement téfhniques are employed, E is one of the most

1line or

samples.  In 1iné media, E depends on the .- .

direction of applied stress relative. to crystal geometry. The. expres—
sion ‘for E, derived from Hooke's law by Nye’ for hexagonal media is:




27 ;|
8117 (oqp eagmefp) [ Lef(eyyepy) il «
3  R¥n, 5§ W (6-4)
g = 8y = 281 ¥ 28, :
. ; 5
X = Teyphegdegs = 2(ey e, ega] /G o) < 28y

2
By 7 epgeg ey mag eyt - (epytep) /¢

Values fof ey &, and € for dce ac, ~16° dre quoted in Table 6.3. An
absolute makimum in Young's modulus versus direction cceurs at y =0°
(atréss applied along e axm whii:e a local maximum occurs at y = 90°.
An absolute minim\ml in E occurs at y = 50. 526 . The values for the
extrama in Young s modulus are list:ed in Table 6.3.. 'The maximum
vsrintim of E wlth directlon in ice is about 34%.
((v) Sound Velocities in particular, crystsllographic

Directions

The gtdup velocity for au\md propagation in an a:bitx‘ary
direction in ice at ~16°C can be deternined-ghrough equations (2-15),

(2-16) ‘and (2-17) using: the coetFictepts

;» listed in Table 6.3 ‘and

the value fof the density, p = 919.5 kg/u®, quoted in Chapter 4. A

“mean value for the ky and hence for the elastic constants was ‘cal-

cxitiitel Chom: (e tutenzal brer’y ob the, sum of the square roots of
the Tight hand sides of the thrée sound velocity equitiohs. The
resultant value, denoted 2?2, derived £ron the wedghted mean
elastic constants of ice at -16°; is glven in Table 6.3 This

Value is,ueéd 1h Sc."6.3-when ¢oparing the results of the present
experient with results quoted in the Titerature. Further discussion’
of the significance of this derived quuuh:&, along vith its explicit

defining relation’are given in Sec. 6.3. L
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} DGR

NRER, °°sz = (epytegy) 1 Lgegymeyp72e,,) (84785-1)]

of acoustic modes in ice at

Table 6.4 shows the velocit:
-16°C 4n several specific directions. An sbsolute maximum in "1."
equal to (czulp)" occurs at y = 0°. A lacal nexiows 35 Vys equal to
Cepy/ 0% occurs at y = 90° vhile an. sbsolute minimm in Vy, occurs at

¥=50.825°. The velocities of the transverse modes have equal values,

, given by (c“/p)", at'y = 0° as required by cylindrical isotropy.

The , Y= 0° also to an absolute minimm in the

o A \ ¥

velocity of the T; mode vhich, in turn, incresses mondtonically in
~ \

cos”y to a value given by (ez5/p)" at ¥ = 90°. Tn hexagonal media,

cgg ™ (¢1)7¢15)/2., The T, mode has an absolute maximun in veloeity..

.at y = 45.765°.. This velocity, listed .xg Table 6.4, 1s the upper
linit for the velocity of shear waves in ice. At y = 90° the T, ;
mode, having a.polarization vector lylng in the basal planme, propa-
gates with velocity, (¢,4/p)%, equal to the transverse mode velocity
aty = 0°% ” - !

Inspection of the curves shown in Fig. 6.1 shows that the

two transverse mode velocities have equal values near y = 70°. The

common velocity and angle can be | by .solving

‘ the quadratic equation (2-20), with X = Y. The resulting expression

is: : 3

¢ L
Vi1 = Vg = {legymepnlegytesy) / (8578501 1 @)Y é
E (6-5)

. 'I.‘he Si are defined by equations '(2-22) and have \ill\lﬂs’, determined

from the weighted mean elastic constants of ice’ at -16°, given

below: o
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TABLE 6.4

* s 1 s
-' 'SOUND VELOCITIES IN MONOCRYSTALLINE- ICE, -16°C

, Difection (Y) -

Velocity

Longitudinal
Longitudinal
i Longitudinal
fIransverse (T,1,)
! tranaverse (1) |
Transverse (T,)
. ‘Tranmsverse (T,)

<. ! Transverse (TI’TZ)

14040.3 m/sec

3892.1 m/sec
3771.1 m/gec

1810.5 m/sec

1929.6 m/sec -

1810.5 m/sec

2173.8 m/sec

1920:2 w/sec.




[

estimate. the elastic

5 i . )
. ) : V197
1298106.956 x 100 N%/m*

§, = 411979759 x 10° ¥/a®
§, = 321.2202200 < (6-6)
tiaa7 5 108 W2
= 519.6074237 % 10% ti/m

55 = 21639804640 ; Y

¥ . . / . .
/

Values for the common tramsverse mode velocity and the corresponding

direction of propagation.are given in Table 6.4.' By coincidénce, the

indicated value ¥or y differs by just over 0.5° ffom the angle
beguedn the ¢ axis. and the normals to crystallographic planes of ' the
forn {111}. . Thus, shear wave velocity measurements in the direction’

normal to the plane (111) would be, very mearly independent of polar-

1zation.

(vi) Elastic

of isotropic rystalline ice .

The elastic of

1line ice
(no inclusions) are a complex function of the momocrystalline elaslic
copstants and the sizes, chapes and oriéntations of the’gratis con-

prising e polycrystalline sample. Hence it is possible only-to

for poly 1line ice.

_If grain orientation is approximately random and a sample'includes a

large number of grains, then the bulk eldstic properties should show

neat isotropy. The elastic properties can then be expressed in teriis

of the" ised 1n @ a1 1sc ‘elasticity theory.
ion of the elastic for: 1ine
ice f!m ‘monoc: 1line elastic requires an

procednre which in turn must be based on an assunéd distribution of




gratn. shapevs éizes‘ and érienbat'ﬁms.
"o lagtic’ parnéters conpletaly detarning the elastie behav-

ot o8 tsoeropte ‘nedfun. Tn dealing with pulycrystalline‘ice.

one of these 15 conventently caken to be the bulk acdulus, ¥, since

the very neer fsotropy in the Linear comresaibility of ice assures’ :

that 1line and Line values of K will not atfter

abpreciably, regardless of grain structure.. For purposes of the
presént: analysis, the second elastic paraneter has béen chosen to be
;)% where ¥, 1s the velocity of the lfmgir.udinll acoustic mode in
polycrystalline ice.  Clearly, V, depends on grain structure, but des
vilue must lie within the limics appropriate for sonaShyetalniertes)

That is, 3771 1 m/sec vL < 4030.3 m/‘é;c for hnmogenqu; 1ce at.-16°.

Anestimate for ¥ can be obtained from the momocrystalline

elastic constants via'the integral given below:

- “ :
> Vi " va(S,O)dn - 2 3 (6-7)

3 * i
Equation (6-7) results from assuming that refractive e‘fIECIE at,
crystal grain boundaries are 'negligible and that a éound wave tra-

versing a polycrystalline sample travels equal infinitesimal distances

in 1s vith s by polar 6,6
“ddstributed unifornly over all solid‘angle; Q. Cylindrical isotropy
i :

of the monoerystals allows the integral (6-7) to be reduced to; 4

L- F v, (y)stmyay £ 35—5)
°

[where VL(y) 1s deternined by equation (2-15). Equar.lcn (6-8) wné

evaluated numerically Gsing Sfipson's rule to yield "L = 3844.94 m/sec

b

for homogeneous ice at -16°, -,




- 2 » "Equations. inking the various parameters of isotropic. .

' \ 3
*. - elasticity theory are given .in numerous texts, for~instance Landau
18

i * and Lifshitz’ .or Nye® or Malvern.'® The relations utilized below are

&y BT takén ‘\frmvchese sources., The Lamé ‘constants, A-and'u are rélated

to the| bulk modulus, K and p(VL)Z 1n the manner indicated below:

K= A+ 2u/3 .

o = A+ 2u

: Accoxdiné}y, the values for A and u given in Table 6.5 for ice-at -16° |

were determined fron the bulk modulus glven in Table ﬁ 3 and the

. - elastic constant, p(VL) = 135.9 x10% N/n?, determinéd from the

valve of VL quoted above. 'The remaining quantities listed in Table
I 6.5 were calculated using the equations given belowi

G=u Shear modulus

E = 9KG/ (3%+6) © 7 Young's modulus -1

K .
o= [(3K/G-2) ./ (3|</G+1)]/2 Poisson's ratio

/:
The ‘shear velocity in polyuysulune Lce 1s given by Vy = (G/,,fs
and, ‘using G from. Table 6. 5, was found to hawe value, VT = 1956.9

m/sec.

The elastic parameters quoted in Table 6.5 are good estimates

"only so long as'al sample 6f polycrystalline ice possesses a uniform

e random di . ‘of grain ori . The applied analysis can

o . be partially adapted to account for preferred grain orientation by

i By B an Tiatet 1 we factor, ‘p(y), in’the

- integrand in equation (6-8). The"factor: P('y)slrrvdy equals the




P TABLB 6.5

- POLYCRYSTALLINE ! (ISOTROPIC) AVERAGED ELASTIC PARAMETERS, -16% v

Property |

Symbol  Value: " Units

Bulk modulus

Young's modulus
Shear modulus =

Poisson's ratio”

Lamé constants

K 8899 10%w/m?
B Cons  10fwm? 4
: ar=2 3,
[ 35.21 ; 107N/’
v e g
" 6s.51  10%/m?
wooasa21 Cafm?




*“a ‘sound siave would make.an angle, Y, with the ¢ axis of a crystal

grain at some arbitrary potat/in the

_ tioh of such a-technique has not been zepoﬂ:ad in'the Lterature,

" negligible heat flow becomes invalid.

\ . $ ¥ g
differential probability that the specified propagation direction of

Gerystalline safple- With a
s %
nonuniforss p(Y), ¥ and all stbsequent derived elsstic patameters

become dependent on.the direction’of measurement. Working back fm./

the measurdd elastic

of a 1line would,

ic 2

in pdm:lyle. facilitate at least pn—:m analyiis of an existing

of grnin Such analysis Hould requ:l.rg good |

q\ullty elastic (acoustic) mamxmntn and would-be greatly compli~

cated fy the prestdcd of any inclllslons i the ice. To date applica~

(vii) Isothermal elastic constants C “
A]:l eln(:ill: parameters quo:‘gd in Tables 6.3 and 6.5 as well
as those quoted “In the text to this point: are dynamic or adisbatic
(conmstant ennopryj valdes. That is, they are appropriate in apalyzing '
elastic strafn which decurs so rapidly that a negligible amount of -
heat flows into or out of the strained région. Hence, entropy.is
conserved within the i{tli_ned Tegion.  Adiabatic elastic constants
are invarfably measured when acoustic measufement techniques are used

with sound over

since the strain

very short tise fntervals (1072 sec for the acoustic modes observed

" by Brillouin spectroscopy).

When: analyzing quasi-static elastic strain, the assumption of

Warning or' cooling associated

with the applicatidh of stress leads.to heat flow across the boundary
of the resultant strained region until thernal equilibrium is re-

established, that is, until the temperature of the strained région
P2




g wpprie W Seebl A 56

¥ g /uzurna to its initial value. The static or isothermal (comstant’

e) eldstic in such a ¥

/ deformation, dif(fer from the adigbatic elastic conbtants/by an -skount

sufficient to account for the contribution to the strainm temsor of .
. i 3

; thermal due to s-induced ire changes:
3 | The 1 ro s between the of
s and those of els fnpraed Afasiamasd st detail by . -

10

Huntington™0. and by Nye.® 'The analysts leads to the following equa-

tion linking the 1 elastic lanchaiofow '3
arbitrary. mondcrystalline medium
JB 8 s A
st = 9 * 0y oy TGy (6-11)
. in equation (6-12), s denotes. the 15otheral elastic campuun’ca
: tt:nsar S(s) '

" denotes the adiabmiic elastic compliance tensor,

denotes the thernal expansion|tensor, T deno:es the absolute tempera-

- ture (in %K), P denotes the density and Cp deno:es the heat capxr‘%:y

e . at constant stress.

 Anisotropy in’the thernal expansion of monocrystalline ice

. 3 y
has been investigated by Bitkovich’> and by LaPlaca and Post.’? Both

a / g
of v o o experiments indicated relatively small or insignificant differences in

! ) % P
the copfficients of linear expansion parallel and perpendicular to
73

_the crystal ¢ axis. Thus, based on the data of Butkovich,’” the
)

chiernal u{pansicn tensor for ice at -16°C was assumed isotropic ‘and

was caken, to be o, = 50.83 x 107 8y Where 6,y dehotes the Kronecker
% %

. - Meltni Mengnsenents;of Chalheat copicity bfitcs By oimmmasand S L

- - stout® nave been tabulated by Dorsey’® and indicate avalue for C,
of 1985.4 3/ (kg. C) ‘at. -16°C. " With the density taken to be

1 d : . o .

i B '

o
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- ':_1) +.364 x 10‘12 =/N o= 11,12,13,33
e (6-12)
. RO : .
T :
= Accordingly, the isothermal elastic moduli of ice at » based on

the adisbatic valies quoted in Table 6.3 were determined to be: 4

P = 136,75 x 10 ¥/a?
:g) = e x 19‘ a2 e
¢® = 55004 1108 Wl t :

147.61 x 10% ¥/’

8 2:
4 = 30.14 x 10° Wl

The uncertainties in the above values are:likely comparable to the
corresponding uncertainties quoted for the adiabatic elastic moduli
'/ siticé. the required correction was relatively small and was well = i

/ [ 3
determined by experimental data. - % X = '

/’ The isothermal (static) elastic modull given above, im
principle describe ‘the elastic behaviour of ice in a situation where
I stress'is applied gradually. In practice, nonelastic processes'such

‘as creep or plastic flow (for & review of these processes, see Glen”) ok

. may dominate the mechanical properties of ice under conditions of.

slow stress application. . Thus, the lsgthernal elastic moduli are of
; " ;

less in the observed




v

properties of ice than are the adiabatic elastic moduli. Neverthe //

less, the values quoted above may find application in careful experi~ .
P L S T L T T R reaction of
ice under the quasi-static' application of:load.

The 4sothérnal bulk modulus of fce at ~16°C, deferntned via
eqidtion’ (6-3) From the fsothernal elastic constants qutad!abovards
xD = 86,47 x‘lO N/uZ. This value may be of future use da comparing
the results of a'static. deternination of bulk modulus with the present
messuzeneats. hmong the various elastic pararieters of lces the bulk
sodulus 1s most amenable to precise messurenent by static technigies
since nonelastic defema’tion of a monocrystnuine_ pure sample will w
not result frommoderate changes in applied hydrostatic pressurc. Neer

L .

(vi11) Temperature corrections

The -t «of ‘the elastic

" of ice:was not measured in connection with the present work. However,:

as mentioned previously, the present’results may be corrécted to

to' various temp within a fatrly wide range by <. |

4 B
. uaing existing published data. The best data fmr this Purpcse are

those of D;nz; 5 who measured the elum: moduli of pu(e monocrystal-

line artificial ice at a large’ mmbet of temperatures over the range
~0.7°" to ~140°C.” Least squares quadraric fits (linear for cla) to L
the dat:a ylelded 'the temperature corréction equations inteh Have been

- below. 3 . . S




s

e (m =

ep® L

€34 = c,5(0° 65 111,874 x 107
ey = e
T L) gy,

In the above equatiors, T denotes temperature in’"C and c,

Z(0.

u(o 0y [1-1. h89 x m 7 - 1.850x 107

)u-zwzyw .- s.62.x 107579

3(00) [1-1.628 x 107 T—293x10 TI

h(o”c).uﬂ.séx x m‘_ L 3,51 x 1076r |

@0

denotes the value for an ‘elastic constant at 0°C obtained by extra-

polation from

at- lower

in the temperature -dependence of ’che elnetic moduli’ at temperatures

very near the freesing point Hes beth otsd by, sone authors.
Hore comp]?ﬂ( temperature correction relatichd than Ehoee given above .

oL e requtred to account for' such behaviour.’

29, 30

For the range of temperatures normally encountered in the

natural environment,
a sign}ifinnnt loss of accuracy.

neglecting the quadratic terms and assubing that all-alusr.ic paran-

the equations (6 13) can be si.mplified without

This si.mplimtion results from

eters having upits of pressure vary according to'a comnon linear’

equation. The simplification fhade to differences nf less thadi 1%

in the resultant mpued valueg of :hg elastic modull over'the range
0°C to -30°C versus the values cgfcn
A Linear temperature correction equation can be de:emxnzd

fron the present data either with or without application o_f the rela- |

tions' (6-13)."

The results of both calculat:

£0%_purposes of comparison. -‘In the first

(6-13).

Aons are included) below
gstance; the weighted

A
; 7 / ’
:mean elastic moduli for ice at ~16°C weré E:nuhud from the results
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_of the Brillwin uperimenta on Hendenhail ice, 1ake ice andisea ice.

and defining l'elatiﬂn) believed tu hest rep!‘esellt the overall elustlc

A prcger:ies' was then calculnted from the waigh:ed mean ehsr_ic mudul}
A second caléulation of 2p(V)Z, corresponding to.Brillouin data af

3°C, vab made using the elastic moduli of artificial ice quoted in
 Chapter 3. The two Values were then assuned to define a straight

line thereby yielding the temperature correction equation given below:

here

In equation (6-11.), X denotes an arbitrary. elastfc pavanetet (vith

units of pressure), T denntes temperature S °c’and T, “denotes the

temperatute at which a measured value fnz the parameter, X, extsts.

J i A gecond ‘determtnation of :hé\}efncienc a; 0 equzl:ion

(6 14) was cﬂrnad out using thﬁ ,temperature corxsctlon data of
0 pane1’” 1nieps case, the weighted mean’ elastic constarits of ite

16%, Listed in Table 6. 3, were corrected to correspond tom

. temperature of —SQC via (6—13). Values of 20(M)* vere deternined for

tl\e data: corre pnnding to bn:h temperatures and wete found tg imply..

a=1 27 x 10°%/%, This value differs by only 0.6% from the value
"7 .. obtdined using just the Brillouin measurements. [Thé agrcement 1o

m'uch better than that obfained when,comparing the p:esem( ialues of

:he lintic Sonstits ac e given tempera with the
y ' values deterntned by Danei® (see folloutng section).
R - Use of; eaEdon (6-14) 1a specitying ‘the :avpenmre Aepend- -
ence of an arbitrary ‘elastic paraseter of ice, for exadiple Young'a
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modulus or bulk modulus, Tequires the assuiption that ratios of

lasti (with unit

ns) do mot vary.with temperature:

The Brillouin déta cuggest. that this assumption is valid to within

1 over-the
35

range ~16°C to =3

The data of Dant1>> {mply a similar result éxtending over at Teast

the 30°C’ temperature range below the freezing point. ' -4

Thus, based On presently available’data there does not appear to be

a in using the e

(6-13) for tempera-.

ture correction of - the elastic parameters of ice over the|range of

most commonly fated with ice {n the natural emviron- . e
ment. Rather, a.much shorter expression of.the form (6-14) can be

used to yield approximately equivalent results while simplifying

when derived quantities such
a5 Young's modulus or the bulk modulus or the polycrystalline

" averaged elastic parameters. *

By-way of anal sound 7 in pure ice
can _be adjusted for changes in temperature with an equation of the

forin (6-14,

Based ‘on-the Brillouin data'at £3°C and £16%, the 4

“lineat temperature correction equation for acoustic velocity was

found to be ‘

R (C R (R R W R B £ mE

where b = §.196 x 10

/. "In equation (6-15), V denotes an acoustic velocity vhile the other - - i
parameters are defined as in (6-14). For reasois noted above,

equation (6-15) can be expected to yleld Teliable results over at

least the 30°C temperature range extending down from neat the




freezing' point.

Gemparison wich Previous Results

The results of the' present vork along with the results of all
six previous experimental determinations of the full éet of elastic
moduld of ice which have been reported in the literature are given .

in Table 6.1. The present resull:s apparently posacss ‘the smallest *

ovetall uncertataty of the vm:iaus sets of measurements.. This is in

part due to the large volime of data (a totsl of 189-sound valocity
measurenents) obtained at two closely spaced temperatures. As well,
the quasi-random distrihur_ion of the data over valuea of the ﬂngleY
leads to similar uncertainties in all five elastic constants. , This
contrasts with the results of tonventional acoustic nxp'e‘rimenl:s where
measurements at a Vsmall n;mbgr of specially chosen orientations yield
wide m»x"am}m; TENE AECUERR SRR HLEN T IV el ELSiaa R
are determined.’ In particular, conventional acoustic experiments

tend to’yield good values for €17 c33: 44 and Ce6 sincé these

can be d directly. The un inwey, 18
usually :he combined uncertainty in o) and cgq while the uncertadnty

in ey ‘és a complicated comb.'umtinn of the uncertainties in c), ¢4y
€4y 8nd.a sound velocity measurement at some value of Y intermediate

between 0% and 90°. * s

Systematic error, that is, error common to'all five elastic

cans:an‘s. will redult Eron a common multiplicative egror in-a com-

‘plete set 'of e 1 sound velocity. e This type

of eryor is less readily identifiéd by empmcax meansthan is. non-

sys:mtic error which: appe.!zl as scatter among :he measured

“.velocities and leads to. relative le!.acio/ns in the values of the
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elistle" cpptasts’ * As noted praviously,-the systendtic errotia
Brillouin 5pedtrusu‘ﬂpic'm¢[asuremelits results from error.in laser
wavelength, Fabiy-Perot free spectrhl range, refractive index,
scattering angle or density.  hs vell; by way of arguments given in
Sec. 6.2, error in sample temperature could.give,rise to systematic

_error in the ‘elastic moduli. This source of error i insignificant

in the present results, however. Each potential soutce of systematic -

error 1isted above has been accounted .for in the present analysis’ (see
Chapters 3 and 4).. Since no other sources appear possible, differ—
ences beyn;:d probable experimental uncertainty in the present results
" versus_ those of previous authors must be accounted for by one of

three possibilities. These are (1) sample—to-sample variation in the
elastic. properties of ice, (g) dependence of the measured .elastic
m;duu on frequency, or (3) umncticed sources of error 1nr-Pl‘_eviuusly
published results. ) )

In comparing the various sets of elastic moduli listed in'’
Table 6.1, it was important to have a.criterion for identifying pos-

sible systematic error. The parameter 2p(V)? vas chosen for this
¥ 2

purpose.’’ The, valie of 2p(V)“ was calculated directly from quoted

elaatic constdnts by mumerically evaluating the integral given' bélow:

: : 5
BOF - F[“L(%j-!”!’f‘fu“z;-‘mk* (Eyey 1) i)
. . :

(6-16)

. Tnequation (6-16), £y, fy, and £, dewte the tight hand sides Of

equations (2-15), (2-17) and (2-16) tfespectively. The elastic.con- -

stant -2[:(7)Z “thus equalled twice the density times the square of the
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g . ¢
mean’ of the three acoustic velocities averaged uniformly over Y.

The' abserice’ of the factor siny in the integrand of (6-16) (in con-

‘trast with 1line velocity

see equation (6-8)) °
accounted £6r the distinctly nonrandom crystal orientations used by
the various‘authors in'determining the elastic moduli. In particular,
a significant portio’of the data shoim in Table 6.1 resulted from
sound, veloetty neasurements ‘along' the ¢ axis, that is, vith v = 0.

The elastic constant average, 2p(¥)2, defined by equation
(6—16), 1s strongly dependent on cu, €33 cM and c66 and has pus{-

tive derivat:

e with Téspect ' to each of these pavameters. ‘its -

> derivagdve.. Each of these properties makes 2p(¥)? a sensitive and
whethex ‘measured by Brillouin spectfoscopy -or by ultrasonic tech- |
niques.” The value of this-parameter. has been calculated and ‘quoted

for all sets of elastic moduli listed'in Table 6.1.
The quantlty, 100 (1-4), llsted in Table 6.1 for each set of

elauci.c mduli denotes r.he by which the

lues for 3p (@) exceed a Feference value, 122.33359 x,10° Nlm A
this being the value appropriate for the weighted mean of the four

sets of Brillouin measurements: (see Table 6.3). The parametér d is

the ratio of 122.33359 x 10° to.20(M)%. Multiplication of each of
the five elastic constants in any set by the corresponding value for
d thus ylelds,anew set having 26(V)? equal to the reference value

deternined from the ‘average of the Brillouin data. 'Such adjusted sets

of elastic constants are listed for each experiment referenced in
Table 6.1. ‘Comparison of these adjusted sets excludes a large portion
& ,
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of whatever sysl’.emal’.'ln error may hAVe been ptesent in the initial
measuxemﬂnts‘ However, it must be natad that ru.‘l differences in
elastic properties may also be obscured when _émaxing Tesults in
thiF manner. e ’ ’ ~ »
2

'+ The deviar.lrms of 26(V)* from the reference value are very

mll n the ‘case of each of the four sets of elastic constants deter-
mined by Brillouin spectroscnpy. These deviations are, in particula.r,

considerably smaller than the uncertainties typically quoted in the

1 elastic ‘Barring colz i of
erfors, this leids to the following conclusions. Firstly, the pre-
vious observation that ‘the alaatic properties of fce do n/u:' vary ‘among
the. four samples s supported. Secondly, the use of 2p(W)> as:d
mean yalue for comparijg sets of five elastic constants eliminates a
significant portion of the relative uicértainty in:the moduli. This
wag an expected résult .since 2p(V)? is basically an average of all

ssound velocity used in the of the elastid

constints, Finally, the bcatcer in the four 207 values, pre-
sumably reflecting the systematic error in each deternination, 18-
smaller thin the estinated systefatic error (0.41%, see Chapters 3
and 4). Siace’the terms contribiting significmly to systemiric
éxmor varied reniouly-among the four deterningtione (see Sec. 6.1),
the small cbserved ‘scatter tn 29 ()% npldes that the estinated
systematic error is sufficient. R
A prelitinary nspection of Table 6.1 reveals that the general
agreenent of the present Tesults with those of previous authors is
- fairly good. In patieular, of the 41 quoted elastic modult with

stated uncertainties, 13 agree with the average of the Brillouin
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‘. 'measurements to within "l‘standlrd deviation while 16 agree to:within

~ ~2 standard deviations. As well, those values of Brockanp and

30

Querfurth™ and of Proctox” ul\ich do.not tnclude l;ated uncertain-

ties are in remwnably g00 ‘sgreement with the predent valies. The
i

B only obivious > are found in il by
3 & Joria and Sn:herre22§ and the full setiof ‘elastic ml:dnu deternined by,

Dantl S with the present ik

The agreement among values of 2p(V)2 is ‘good for all sets of
i 35

3 ; neasurenents exept those ‘of Dant1. > Yore specifically, deviations
oF 2p(? £rom the zeference value for the Brillouid spectroscopic
resuits approximate, or are less tham, the corresponding.uncertain-

ties in the individual elastic l:on!émta for three of the sets of

- ) previous measufeMenti, The twd sets lncking quoted uncertainties

are alss in good agréenent &n the sense that the {ndicated devia-;

tions are. typical of the scatter present in the sét of six values. '

It 4’ also wortl noting, but undoubtedly coincidental to some extent,
that, the average'of the, six values of 20(V)’ detemined from pre-
viously publishéd data equals 122.48 x 10% N/a¥, in excellent agree-
ment with, the reference value for the Brillouin spectroscopic,

resulis. : 1 } ’ .

v Because the results of Dantl have been widely accepted as S

standard values for the' elastic moduli of ice, their cnmparxnon with

dther measurements: bears special While the

between the average sound velocities measured by Dane1 333435 4, . C

those measured in. the present instance and by other prevlnua authors

nay be real, the possibility of 'an, unnoticed systematic error must

: ; | - s
L} not be Error inth of acoustic’ Rl
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velocity by pulse-echd techniques (as were esployed by Dantl) is
known to result from sevéral effects. These include diffraction
within the ;hpu,” phase changes at the point of reflection and

at the point of coupling to the transducer, multiple reflection and

consequent pulse shape changes within the tramsducer or coupiing,
along with a variety of other effects stemming from the imherent
acoustic complexity of the layered transducer-coupling-sample sys—

ten. 3637 Relative velocity measurements using a given ultrasonic

setup are generally more reliable than absolute measurements since
the- affacts notad abova tend to influence’eich of & sst OF messure-
ments in a consistent mlnnur..

In :h.ery, thu factors contributing to bsolute erzor in b

ultrasonic u-aureﬂenu can b: mlya-d and m[rollad or cﬂpensuud‘

In ice, the i

gult énd dften 3 'l'hus,

_Bnnl’.i.ngun describes measured nfs of dynanic elastic modull of.a

given material to  be fa : " ubien

~ from different laboratories agree to within 51. A survey of the
variations in nine acoustic velocity messuresents from one sample was

carried out' by Einsprach and Truell.%’ A single ‘Wasple of carefully

prepared fused silica vas asong nine 1 each of
vhich measufed the transit time for longitudinal vibrations at 10 Miz.
The standard deviation of the méasurements of 0°C was $0.5%, corres-
ponding to uncertainty of at least *1% in determination of elastic
moddlus. Of course, possible error in measurement of the demsity or
‘length of the sample would lead to larger uml::al.n:y‘i.n ‘modulus

E 3,
The maximum in transit time measurement was

1.4% (2.8 in modulus determination), vith those \ulu':s showing
v

l
- ¥
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greatest dwuum from the mean lying abnve the ‘mean. Thus, the *

! ol
érrors in measurement tend to produce, results : |

authors? note that

10’ velocity ,measurmfsrg,a which are too low." Final,ly.' it shoyld be

noted that um:erl./ainties quoted in association with the various _J

neasurements were not, in general, sufficient <o account for the

observed scatter, particularly in the case of those measurements lying -

Furthest from the mean: This enphasizes the dtfficulty i dccurately
assessing the absolute uncertainty in ultrasonic medsurements,

& The uncer:axnciep in the elastic moduli quoted by Da“t133,34,35
Cwere de:emined from the Toot mean square deviations nﬁ a large nimber
{greater than 35) of individual detemlnations of the mpduli ac 412
foventtlmparafinas:, Meamvalies For The, Blantte mduﬂ were speci-—.

£16d by least squares temperature depéndence. curves ECENCEOME
Apparently, no allowance was made for possivle sypemetic exror, this
beiag assumed négligible. Howches, dn GonAacEisn with the application
of the pulse-echo mechod, Dant13® notes that “variations of pulse
shape dus to mitiple iy pe——— rala:ivEIy lerge errors {n

the deteminatlnn of the absolute value of the modull." ' A dnuble

pnlse 1nterference (pulse superpcsition) method was therefore used
by Dant1®® to check the absolute values of.the modull, cy;, €5y and

The checks showed no detectable error in the initial determina-

S
"tlofis of gy and ¢, vhile ¢;) was found to be.1.16%-low in the
initial This was meglected and the final

“values for the moduli were taken to be. those determined by the pulsé-

echo method. .

{tioh method can be' made to

In principle, the pulse

yield longitudinal sound velocity measurements ‘accurate to within

~
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1 part in 10,000, However, the analysis of Willisms’and Lemb®®
leading to this assertion polts out several acoustic parameters of
the apparatus vhich aust be carefully evaluated before the method can
be expected to yield an accurate.result. These include the thickness
of the bond between transducer and sample, the acoustic impedances

.oé the transducer and the sample, the resonance frequency of the
caadaces sol tha: dagras o electric loading of the transducer: Each

of these factors influences the phase shift which.occurs at the trans-

z}ucer—smrls interface. This phase shift varies with applied fre- |

quency and becomes Tiore difficult to estimate as the difference

betveen the applied frequency dnd the of ‘the

s’ The pulse tion method requires

~patying the applied frequency over a range determined by the acoustic
s = o
transit time in the sample.  With the apparatus used by Bant!.,33 this

“range to the halfwidth of the

transducer. . It was thus necessary to utilize applied frequencies
1y from

The error analysis carried out by Daitl’ in’ combection with

the ‘application of the double pulse interference technique parallels
that of Williams and Lamb.®® Wnile this analysis leads to negligible
error _undu‘r near ideal experimental conditions, 1t does not specifi- *
cally address. the problem of estinating error under monideal or
“uncertain experimental CondIECoR. Hence, the analysis tends to
yield & lower limit rather than an, upper /limit for the measurement
Erkor, Tha nagaitudes and uncertainties of some of the parameters
Tequired for error analysis have not been quoted by Datl:>> As well,

his ultrasonic apparatus differs in some respects ffon that discussed
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T T

§ by Williams and Lamb.?® ' Thus, it does: not ‘appear possible to assess

the 'validiry Gf the error analysis of Dantl or the resulting' conclu- =

sion of negligible uncertainty in velocities measured by the double

pulse i technique. The of samplg ple

vardation in:the elastic modull of ice canmot be verified by compari-
son.of the ptesent results. with those of Dantl. 33;3“’35
/‘ S The sigﬂificﬂnt percentage by which the value, Zp(v) N deter—
mined ‘from the dnl:_a of Dantl lies below the other values quoted il’l
- Table 6.1 warrants Yurther investigation. ‘Ab discussed sbove,. sya-
; "+ tematie sfror canhot he ruled cut. . In thia respect, A€ 14 wifortunate
* that the results of Dantl did not include a specific test of the con-
lusions regarding the effect of age on the elastic mnduli u[ ice.
o ldeﬂlly, such a test would utilize comparisons of velocity measure-
mP_utE from'a control sample of unagerl dce, prepared in a manner identi-
cal to that used in preparing the aged ice sanple. A 'test of this .
kind might also have pointed ouc any possiblé effect of high samle
purity on the elasti: moduli of dce. The samples used by Dﬂnt135
may have had a hlghnx purity than those used in cunnecr.lo‘q with any
of theother measurements reported in Table 6.1. An analysis, how-
ever, vas not fncluded with the quoted results. ’
; Hhen multiplied by d (see préeceding discussion in Lhis sec—
I tion) to compensate for ‘possible systesatic. en—or, the vesults of
antl show closer agreement. Vith the*: Bl’illnuin mean l‘esultﬂ (EE&
Table 6.3) than.do the results of other previous meagur;ﬂ:u. A

maximum discrepancy of 1.7 standard deviations (or less if allowance

is made for error ,in d) occurs in the value of g3+ The average
discrepancy 18 0.95 standard deviations. . It is thus.concluded that

no significant nunzsyltmazic difference occurs in the’ present B
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results versys those of Dantl. - A -future investigation of the possible

Tole-of sample~to-saiple elastic' property variation in accounting for

the disagreement of the present results with those of Dantl cnul{ thas

concentrate on measurement of a single/elnstic parameter, }‘or example,

. ; /
a set of measurements of ‘static bulk modulus could be uséd. With

x-ray erystallographic techniques analogous to those used by, LaPlaca

asd Post’? 4n thernal | ex 1 bulk modulus

could presumably be‘deternined to um.m about 1% with applied hydro—

static pressures Sagtg o o2l o, 1. Kbar).

The data £ron Table 6.1 show small or insignificant acoustic

Tdt 4 in ice over f: es ranging from 5 kiz 'to 10 GHz.' As

noted previously, the aversge of the values of 217 cbtained from
ultrasonic méasurements agrees well with the corresponding average
from the presént hypersonic measurements. Thus, it popears appropri~

‘ate to'look for possible dispersidn in the relative Values of the

sodult, 'd-c,;, quoted in.the lower five xous of Table 6.1 While the .

scatter in the makes i a small
variation .(<3%) in the modnu. ©qy and €4y with ftequency may be
evident. ‘In particular, ¢y when at :

tends to have a value slightly less than the corresponding value N

by Briliouin 2 Thé converse 1s. true” for g
The measurenents of Jona .and Scherrer’® yleld a particularly high
value for ¢, Comparison of ':h'u value with the other values for
€44 oted in Table 6.1, suggests that umoticed error in meanure~
ment might be at least in part respwnsibu for the deviation. The

error analysis given by Jona and Scherrer’’ ‘is not suffictently

detajled to evaluate the -pnmh:.my. Fuﬂ.het experimental work is
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Tequired fo'test or substantiate the thservations notel above regard-
i e gL mpptent  FrinmEiy Apatsige: of the FRIMETeS Wkt
- of the elastic modili of ice. R R
Comparison of the present results with the temperature cor-
;ecc‘ed results of Proctor'? shows’ surprisingly good agreement'in view

/of.the large difference in ‘the temperatures of measurement. The

. temerature, corrections vere made using the data.of Proctor’’ and the
dita of Dant1.3% Proctor least squares Yempera:

ture dependence equations for all f£ive elastic moduli of pu‘te‘ arcifi-
clal ice from data extending over the temperature Tange —213° to
-163°C. The values of the"moduli deterpitied from these equations at
~163°C were corrected, using (6-13), to correspond to -16° thereby
yielding the valués quoted in Taple 6.l. Extrapolation £rom measured
data was required only over -the interval ~163° to -140°C. x‘aruné
“Golieidental compensation of errora, the £olloving two conclusions
o g - good agreement of the present results vith those

“of Proctor.>2 _Firstly, there is small or' negligible systematic dis-

crepancy bétween the present resilts and those of Proctor. In this

respect. it is inportant to note that the ultrasonic’ apparatus of

* Broctor wes tested on several spetially prepared samples of dluminum
s0.8 to verify accuracy of the nethod, Quotel uncertainties in the
results ranged fron . 047 for ¢ to L2 for ¢, Secondly, existing
tenperature dependence data appears reliable over the range -213°C

to =0.7° (combination of results.of Proctor>

2'and of Dant1®).. The
greatest uncertainty. is likely in ‘the temperature dependence équations

for ¢y since this elastic constant is subject to consldersble

relative uncertainty when by ultrasonic




Pig. 6.2 shows velocity versus y curyes -pecmed by the f
present data and by the data of Jona and Scherrer?® and of Daar1.
. Bauivalent curves cospariog the present data with those of Froctor’’
" and of Brockamp and Querfurth® ' are shova tn Fig.'6.3. The sys~ . ©

L_tic difference between t:he pt&san mul:l and those of;] l'hnll

“taggearly evident in Fig. 6.23s 1s the disagreement in the value of ,

26

|

from the present data. . The tramsversejmode velocity st Y = 0°1s

¢4 @8 measured by Jona and Scherrer”~ versus ‘the value determined *

eomezolled by c . The principal difference between the present -

32

curves and those specified by both Proctor~ and by ankmp and

anfur:h"’ 1 attrlhuthe to’ the ‘lover values of cm q\mteﬂ 1n both

.- these .sets of ,relults.

The present values determined for the elastic soduli 5f ice

“can be used to test the results of thesimplifying assuliptions of
: e

14 p

Penny and forcés. These

assumptions led to three equations among the five elastfc moduli -thus

" -facilitating calculation of all five elastic moduli from two experi-

entally elastic The 4
slightlyts aid in comparisons with the present data, are reproduced
below'®:

16y g¥eps) £ Ceggteadd-l = 0
{124 (egq75¢). Mcu)l"/ (cn-cu')}q -8 . (6-17)

4 5
([clzt15c13ﬂ33+ll‘ck4)] I[llcuﬁciscn—:szi-z‘c“‘(5:13+Z:33)] ) 1 =.0.

Upon luhstlm:l.nl values for the elu:t: constants frm Tl.blz 6 3, the

léfthand sides of the :hree above eqnnimll are ‘found t . equal, .
/




Fig i,

Compnrezive plots’ of sound velocity versis ¥'in. ice,
R.: - veighted mean elaétic consunr.s f£rom
pmm.: measurenents (Table 6.3); elastic *
constants meéasured by.Jona and thﬂ!er2§ (see .*
Table_6.1);. DANIL - elsatic conatants neasured by.
Dant135. (see Table 6.1).
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‘Fig. 6.3.

Comparative plots of -sound velocity versus Y in ice.
BR. AV. - weighted mean elastic constants from present’
. measurements (Table 6.3); PROCTOR ~+ temperature cor-
‘rected (see text) elastic’ cunatnncs measured b;
Proctor32 (see:Table 6.1)3 B. & Q.. elastic constants
measured by Hrockamp and Querfurth:’u (see Table 6. 1)
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: measurements.

respectively: '\\ o 3 ¥ ]

[ERTEENT Y
aar: ez L . (6-17a)°

S (2.91 %391

The above values.indicate that the agreement of the present
fesults with'the equations of Penny'’ is fairly good in absolute

terms, although not within experimental unmcertainty. The first of

the equations (6-17) s equivalent to the condition that the linear’

compressibility of ice be isotropic (see equation (6-34). Thus the

_equation relates to the restriction that the four nearest neighbours

of an oxygen atom in the ice crystal structure lie-at the vertices

of &' regular tetrahedron, giving rise to a constant c/a ratio of
(8/3)%: " The second andthird of equations (6-17). lack immediate
physical significance.

The present results can be further u’mpar;d with the theoreti-
cal vesults of Pénay'® by calculating eldstic constants from the
present data subject to the conmstraints, (6-17).. This procedure

than simple coriparison with the elastic

appears more
constants quoted by Pemny since these elastic constants were.based

in part on experimental data differing significantly from the present
In 'pﬂtti:ulﬂt, Penny ncillzed the dynamic measu:emenl.s
of Young's modulus and Pnisson‘s ratio in quasi-isotropic pnlycrysnl—
1line ice, quoted by Normuood.” These values, 98 x 108 N/n? and \ . %

0.335 respectively, differ iraln those values guoted in Table 6.5, - ¥

possibly ds a result of preferred grain orientation in the poly-

* orystalline samples. ' The values from Table 6.5 were thus used in. -




alculating elastic analogous to those calculated by ¢

the effects of error in com-

Penny™ 5o as to

parisons with the present results. Accordingly, the atomic force

“comstants @ and § as defined by Penny? were found to have values

« = 0.78227 N/m, B = 9.0289 N/ thereby yielding the following values

for elaatA constants which satisfy the equations (6-17): By

138.57, ¢}, = 68.83, €13 = 59.55, cyq = 147.85, c,, = 31.08 (units

t of mB N/uz). Véioeigy versus Y curves specified by these elastic

constants are shmm, along with the curvés specified directly by

the Brilloutn data, ‘o Fig. 6.4, It is vhope? that the preseht measure-

' ments of elastic moduli will aid in the ongoing theoretical analysis of ~
the molecular processes underlying the complex mechanical properties .of

! ice.
{ In conclusion, it has been demonstrated that the technique of

Brillouin spectroscopy is effective for determining the "local" elastic

properties of .ice.. Furthermore, using this technique it was found that
the_ local elastic constants of ice formed under very different conditions
are basically the same. Consequently, the hypothesis of sample-to-sample

(in particular, thé correlation with sample age as suggested

by Dant1?®) has not been substantiated. Finally, it is belleyed that

overall uncertainty than values measured previously. ' Because of this

and because of the' range of samples studied, the'present results are the

' . e
most reliable obtained to date for use in scientific or engineering
applications involving artificial h:e samples or ice formed in the

natural environment.

the elastic constants obtained in the bresent work are subject to smaller

.

Y




Comparative plots of sound velocity versus y, in ice.
BR. AV. - veighted mean elastic constants from.
present measureasents- (Table 6.3); THEORY - elastic

constants calcylated using the theoretical rela-
tions of Pennyl® and values of polycrystalline -
Young's modulus and Poisson's ratio from present.
results’ (fable 6.5).
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