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ABSTRACT, l\li c ros truc tural cha nges in three se ts o f ex periments il1\'oh 'ing 
crys ta ll og ra phi c slip in a ni so tropi c polyc rys ta llinc ice a re d esc ribed a nd interpreted 
with th e a id of computer m od els, Th e d cvelopment of micros tructure was fo llowed 
using time-l a pse pho togra phy a nd tra nsmitted li ght o bserva ti ons with d eforma ti on 
undertaken in plane stra in and a t a temperature of a pproxima telv - 1"C. The 
deform a ti on within a grain aggrega te th a t accompanies axia l shortening is a lways 
he terogeneo us on a grainsca le , Th e ex tent of inhomogeneit y \'ari es d epending on th e 
prc-cx istin g g ra in stru cture a nd th c way it ca n accommoda te intragra nula r slip , Gra in 
interac ti ons a re ex tremely importa nt in d e termining th e bulk d erorma ti on a nd th e 
d egree 0 (" g rain-bounda ry mig ra ti on , A co nseq uence of shortening of th e agg rega te is 
th e fo rma ti on of high stresses be tween neig h bouring grains a nd under th e a ppropri a te 
conditions th ere may be either grain-bound a ry mig ra ti on or melting a t th ese sites , 
vVhere a sample undergoes transla tion a nd shea r during d eforma tion, a niso tropic 
gra ins in th e a ppropri a te o ri ent a ti on und ergo bending, A buckle insta bility m ay then 
d evelop a nd much or th e stra in is accommod a ted by g ra ins in easy-g lide orienta tions, 
In such situations, the ice und ergoes ex tensi\ 'e recrys ta lli za ti o n a nd g ra in growth th a t 
is co ncentra ted in th e a reas of g rea tes t bucklin g , 

INTRODUCTION 

In a d efo rming polyc rys ta llin e aggrega te of ice , th e 

ro ta ti on o f a ny pa rti cul a r g ra in , whi ch d ep ends on th e 

ac ti\ 'a ti o n of c rys ta ll og rap hi ca ll y controll ed g lide, ca n be 
compl ex beca usc or th e bulk kin ema ti cs a nd th e effec t o r 
loca l g ra in inte rac ti ons, Th e mos t commonl y reported 
g lide sys tem in hexago nal ice a t higher tempera tures is 
slip on (0001 ) with th e onl y dislocations eve r o bser\'ed to 

pa rti cipa te in pl as ti c d eform a ti on ha \'e th e < 1120 > 
Burge rs vec tor lying in thi s pl a ne (Shea rw ood a nd 
Whitwo rth , 1993 ) . Th e ac ti va ti o n o f slip is d epend ent 
o n th e resolved shear stress a nd hence th e orienta ti on o r 
(000 I ) \\·i t h res pect to th e bulk d el'o rmation a xes , 

H owe\'er, the plas ti c def'o rmati on or polyc rys talline ice 

aggrega tes is orten influ enced by compa tibility probl ems 
be tween th e d eforma ti o n o f th e difTerent crys tals ca lling 
fa r acco mm od a ti o n proccsses such as ( I ) sliding along 
non-coherent bo und a ri es, produ cing spinning a nd tra ns­
la ti o n o r a dj ace nt c n 'sta ls , (2 ) mig ra ti o n of g ra in 
bound a ri es a nd (3) kinkill g of th e crys ta ls. On the sca le 

of a n ice shee t th e bulk now is no t id enti ca l throug ho ut a 
\'o lulll e or th e ice m ass (Thwaites and o th ers, 1984; 

Pa te rson , 1994) a nd th e co III pl exi ti es of this deform a li on 

may be superimposed on the pre-existin g crys tall og ra phi c 
fa bri c a nd g ra in sha pe, 

On a mi crosca le. ma ny in ves ti gators ass ulll e th a t 
crys ta l pl as ti city can be loca ll y homogeneo us but it is not 
a lways poss ible to e:-; tend thi s ass umpti on to a mesosca le, 
as pre-ex istin g f~1 b r i cs oft en control th e beha \,iour or th e 

ice m ass. L oca li zed d efo rm a ti o n with no n-unifo rm 
pa tt e rn s o f la tti ce ro ta ti ons a nd th e efl e-e ts of g ra in­
bound a ry migra ti on related to d yna mic recrysta lli za ti on 
processes a rc importan t ir we a rc to understand th e h ighh' 
localized plasti c !low as seen in na tura l ice masscs , 1 n thi s 

paper, we will consid er th e fac tors th a t rela te to th e 

d e\'e lo pm ent of inh omogeneo us fl o \\' in ice masses by 
co nsidering the (wo-dimensional def'o rm a ti on of initi a ll y 
ta bula r samples orpolycr\'s tallinc ice , Thcse will illustra te 
hO\\, dine- rent g ra in stru ct ures influence the bulk def'o rm a ­
ti on \\,ith th e samples clc10 rm cd und er id enti ca l condi­

ti ons, exce pt 1'0 1' a cha nge in th e extern a l reference fra me 
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Fig. 1. T he microstrllcizlTal evolution in typical jJOlyClystalfine ice aggregates with axial shurtening from tOj) to bottom 
(ex/}eriment B W 91) . (a) Starting sample; (b) ajier 8% shortening; (c) after 23% shortening. 

or kinema ti c fac tors. An ex terna l reference fra me can be 
d efin ed b y the insta nta neous shortening axis as it relates 
to the edges o r the samp le so th a t: 

( I ) There is no bulk rota tion and the d efo rma ti on is axial­
symmetri c with res pec t to the instanta neous short­
ening ax is a nd the fl ow can be considered as axial 
shortening . 

(2) The d eform a ti on is non-axial with transla tion or the 
bounda ri es with respec t to the instantaneous short­
ening direc tion and includes a component of simple 
sh ear. 

The main concerns of thi s stud y a re the d evelopment 
of mi crostru c tures a nd th e g ra in-sca le d eforma tion 
behaviour at tempera tures or - I cc or higher as seen in 
a variety of polycrysta lline ice types. Unders tanding the 
accommod a ti on processes has a very prac tical impac t on 
th e d evelopment of the lat ti ce fa brics observed in slow 
moving na tural ice masses (e.g . Thwai tes a nd o thers, 
1984; Paterson , 1994). The current observa tions sugges t 
th a t it is not poss i ble to accept the homogeneous strain 
and stress ass umptions used in some o ther ice models (e.g. 
Va n del' Veen and Whilla ns, 1994), because pre-existing 
gram micros tructure and fa brics contribute significantly 

Fig. 2. The microstructural evolution ill an anisotropic ice aggregate with axial shortelling J rom top to bottom (experiment 
BT!l182) . (a) AJ ter 13% shortening; ( b) after 23% shortening; (e) aJter 33% sitortening, the detailed grain structure 
observed in the boxed area is seen in Figure 4. 
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to th e nat ure o f th e de fo rma ti on. Tt is th e uni q ue 
rel a ti onship be twee n th e o ri enta ti o n of th e slip-p la ne 

a nd bulk-de fo rma ti on axes with th e d om in a nce of th e 

onc-slip s\·s tem in ice th a t contro ls its d efo rm a ti on. In thi s 

pape r. \\·e \\·ill p resent expe rim en ta l o bse rnltions a nd 
compa re th ese to res ult s o bta ined fro m m cc ha ni ca l 
m od e ls integ r a tin g o nc slip sys te m. 111 parti c ul a r , 

defo rm ed ice aggrega tes composed o f ra nd oml y ori ented 

po lycrystals (F ig. I) with unifo rm g ra in-sizes and sha pes 

will be co m pared to th e be ha\·iour of la rge elo nga te 

crys ta ls in ters persed with sm a ll e r crys ta ls (Fig. 2 ) , in 
whi ch th e la rge as pec t ra ti os o r th e princ ipa l leng ths a rc 
pa ra llel to th e do min a nt o ri enta ti on of sli p p la nes a nd 

initi a ll y su b-para ll el to th e insta nta neo us short ening 

o ri en ta ti on. 

EXPERIMENTAL METHODS 

T he tra nsmitted li g ht pla ne-stra in experiments d esc ribed 

hcre used th e m icro-defo rm a ti on a ppa ra tu s d esc ribed b y 

Wil son (1984) a nd th e sa mples vvere eithe r equig ranular 
po lygo nal agg rega tes o r sa m p les d omina ted by elonga te 
gra ins with (000 I ) perpendi c ul a r to th e co nst ra in ing g lass 
pl a tes a nd para ll e l to th e bu lk-shortening ax is. Th e ice 

po lyc rys ta ls a rc compa ra ble in g ra in m o rp hology a nd 

fa bri c to th e po lyc rys ta lline agg rega te d escribed by 

Wi lso n ( 198 1). The a ni so tropi c ice was p re pa red in the 
la bo rato ry a nd was composed of la rge e lo nga te g ra ins 
wi th a common (0001 ) o ri enta ti on , be twee n whi ch were 
sm a ll er g ra i ns wi th va ri a b le o ri enta tio ns (Fig. I a ); this ice 

type is compa ra b le to th e ice d esc ribed by Wilson a nd 

o th e rs (1986 ). Th e sample (a pproxim a te ly 40mm x 

20 mm x 0.7 mm ) was d efo rm ed in p la ne stra in be tw ee n 
th e two g lass p la tes by driying a 0. 7 mm thi ck pla ten into 
o ne end of th e sa mple a t a co nstant di sp lace m ent ra te, 
ca using th e sa mp le to d efo rm a t a n a xi a l ra te o f 

E=9x 10 .1s I . The load was up to 6Pa o n th e driving 

p la ten a nd m easured using a load cell positi oned be twee n 

th e pla ten a nd th e mo to r driye (\\'ilso n and o th ers, in 
p ress ). These conditi ons spa n th e ductil e rcgion wherc th e 
ice d efo rms p red ominant ly by g ra in-bound a ry mig rati on 
a nd wh ere stra in ra tes a rc hi g her than na tura l sit ua tions 

(Pa te rson , 1994). H o\\,ever , th e mi crostru c tura l e\·oluti on 

ca n be m ea ning fu lly ex tra po la ted to na tura l conditi ons 

due to th e fac t tha t ne ithe r m icros tru c tura l no r m ec ha n­
ica l s tead y state is approac hed c\"C n a t hi g h sa mple 
stra ins. 

Th e samplcs were sec ured on th e g lass p la te b y a 

coa tin g of sili co n g rease a nd th e lower a nd uppe r surfaces 

o f th e sample \\·e re lubri ca ted with a film of silico n oil. 

During th e d efo rm a ti o n th e sa mpl e was conta in ed in a 
sm a ll \·o lum e o f sil icon o il in o rd e r to maintain a unifo rm 
temperature ac ross th e sample. The sample has to rem a in 
unstra ined in th e third direc ti on pe rpendi cu la r to th e 

d efo rm a ti on p la ne (pl a ne stra in ) as th e thi ckn ess o f th e 

sa mple is kept a pprox ima tel y consta nt by th e g lass 

w ind ows. In th e dcformed sa mple , the ambient tempera­
ture was m a inta in ed a t ap p rox im a te ly - 1°C , using a 
p la t inum res ista ncc tempera ture probe tha t co nsta nt ly 
m onito red a nd controll ed th e a ir tempera ture th a t was 

c ircu la ted aro und the spec imen wit hi n a n insul a ted 

container (Wil so n , 1984 ) . N o direct m easure m en t o f 

tempera ture was unde rt a ken o n th c ice surface o r on th c 
g lass pl a tes. An ex te rn a l so urce o r hea t th a t m ay ha \"C 

a ffec ted th e tempera ture in the sa mple was th e fl as h unit 

a ttac hed to th e cam era , loca ted adj ace nt to th e d efo rming 

sa mpl e . H o \\"C\·er , be fore th e load was a ppli ed the 
te mpera lUre was s ta bili zed a nd th e re was 11 0 obse lycd 
m el t o r o th er mi cros tru c tura l ch a nge to a n y samp le; 

during thi s pe ri od th ere was continuous ac ti\·a ti o n of th e 

fl as h u n it. D yna mi c n ·ents in th e d eforming sp ec im en 

were reco rded in tra nsmitted pola ri zed lig h t using a ti me­

la pse cam era m·e r a period o f up to 6 x 10" s. 

EXPERIMENT AL AXIAL SHORTENING 

[ n thi s situ a ti o n th e bu lk insta nt a neo us shortening aX Is 
d (ws no t cha nge posi ti on w i th res pec t to th e d eform ed 
ends of th e sample . ]n a ll ax ia l d e fo rma ti on ex peri me nts, 
unde rt aken in this pa rti cula r d efo rm a ti on a ppara tus, it 

was no ted th a t th e re was initi a ti on of m elt as d esc ribed by 

\\'il so n ( 1994 ) a nd \\' ilso n a nd o th e rs (in press ) . 

H owe \"C r , it is th e n a ture o f th e init ia l g ra in stru c ture, 
th a t is th e g ra in o r ienta tio n a nd sh a pe, w hi ch d etermin es 
w he th e r th e aggrega te d efo rms nea rl y h o mogeneo usl)· 
(Fig . I ) o r is m a rkcdl y he terogeneo us (Fig. 2 ) . In order to 

es ta blish a specifi c und ersta nd ing of ho\\· ice aggrega tes 

d efo rm a nd wha t produces th e g ra in stru c tures a nd 

crys ta ll ogra phi c fa brics, th e beha\·io ur of two different 
cnd -m em be r ice types will be d esc ribed below. 

Poly crystalline grain aggregate 

The first mi crostru c tura l cha nges a re obvio us g ra in­

bo und a r y a djustm ents w ith th e d e\"C lopment of sutured 
g ra in bo und a r ies, contempora neo us \\·ith th e d C\·elop­
m ent o f slip bands pa ra ll el to (000 1) . Orig ina l g ra in ­
bound a ry o urlin es (Fig . l a ) r a pid ly becam e obsc ured 

(Fig . I b) as g ra in rota ti on ta kes pl ace a nd a new c-a xis 

preferred o r ient a ti on pa tt ern begins to d e\'elo p with in th e 

first 10 % of sho rten ing . The d istribut ion of d efo rm a tio n 
in th e sa mples is no n-un ifo rm with easy g lid e being 
ac ti\ ·a ted in m a ny g ra ins we ll befo re d efo rmatio n occ urs 
in g ra ins with ob\·io us h a rd -g lide o r ient a t io ns. T h e 

d evelo pment o f undu lose extinc tion (g ra in a in F ig ure 

I b ), sub-g ra ins (g ra in b in Fig ure I b) a nd kinks a re 

e\·ident in som e g ra ins, in th e ea r ly s tages o f d efo rm a ti o n 
but m a n y o f th ese g ra ins a re d es t royed by subsequent 
gr a in-bound a ry m ig ra tio n (F ig . I c) . Th is is pa rti cu la r ly 
o l)\" io us whe re c rys ta ls with c axes tha t a rc in iti a ll y 

o ri entcd e ithe r a t a low or hi gh a ng le to th e shortenin g 

direc ti on beco m e progressi\'ely sm a ll er a nd a re rem O\Td 

from th c sa mple. Th e c-ax is pa ttern in such samples is a 
d o uble ma ximum lying betwee n the 25° a nd 50 r sm a ll­
c ircle g ird les and a t s tra ins o f g rea te r tha n 20% it 
typica ll y inc lud es a n a ng le o f a pprox im a te ly 50° to th e 

bu lk sho rtening ax is (Fig . 3a ). 

It is o b\·io us th a t th e bu lk d efo rm a ti on is achiC\·ed b y 

d efo rmin g onl y those crys ta ls tha t a rc fa \'o ura b ly a li g ned 
fQr easy slip . In CO lllras t, the o th er g rains accomm od a te 
th e d efo rm a tion b y neig hbo uring-g ra in in te rac ti o ns a nd 

by g ra in-bo und a ry processes. These g ra in inte ra ct ions 

lead to la rge \·a riati o ns o f the d efo rm a ti on fi eld \\"it h in 

sing le g ra ins. particu la rl y adj ace nt to g ra in bo u nd a r ies 
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Fig. 3. M icrostructure and corresponding c-axis preferred oriell ta tions, rela ted to the shortening axis Z and extension axis 
X . (a) Polygonal ice, exlmiment B' V 91, after 23% shortening ([nd (b) all isotropic ice alter 33% shortening, e periment 
BIJI 82. 

a nd th e overa ll effec t is a non-uniform d eforma ti on 

be twee n g ra ins as seen in th e irreg ul a r outline of th e 
d efo rm ed sam ple ma rgins (Fig . l e ). 

Anisotropic grain aggregate 

In th e more a ni so tropi c g ra ined sa m ples a la rge number 
o f ex perimen ts were underta ken a t - I QC wi th different 

proporti ons a nd distributions of sm a ll er gra ins, with 
va ri a bl e o ri entat ions, occ ur ring be twee n th e hi g hl y 
a ni sot rop ic g ra ins. T he ax ia l sho rtening direc ti on is 
pa ra ll e l to th e se t of elo nga te g ra ins th a t had a common 
(000 I ) direc ti on pa ra ll el to th e leng th of th e sample. 

Exa mples of such ex periments a rc found in Fig ure 2 a nd 
in \\'il son ( 1994, ex perim ent F3, fi g. 3). The sha pe of th e 
d eformed sa mple (Fig . 2) is p rim a ril y a fun c ti on of th e' 
initi a l g ra in structure, pa rti cul a rl y the spa ti a l di stri b ution 
o f" th e sma ll er gra ins a nd th e miso ri ent a ti o n of th e 
c rystallogra phi e slip pl a nes with res pec t to the short ening 

aX Is. 

I n th e elongate g ra ins with (000 I ) pe rpendicular to 

th e direc ti on of shortening th e slip ba nds a re progrcssi\T ly 
ro ta ted a way from their initi a l o ri enta ti o ns. This leads to 

296 

th e d eve lopment of kink ba nds a t a hig h a ngle to (000 1) 

combined with a gentle bu cklin g of th e aggrega te. These 

a ni so tro pi c g rains a re in a ha rd-g lid e o ri enta ti o n , 
im'oh-ing littl e intragra nul a r de form a ti on a nd mos t of 
the stra in in vo k es passive ri gid ro ta ti o n . 

The scale of buckling is controll ed by th e loca ti on o f 
th e sma ll er g ra ins which ac t as duc til e a reas adj ace nt to 

th e a ppa rentl y stronge r g ra ins. Th ese variabl y oriented 

sma ll e r g ra ins a re th e first g ra ins to show th e o nset of 
d eforma ti on with th e immedi a le d evelopm ent of sli p 
ba nds but e\'idenee [or th eir ex istence becomes less as 
g ra in- bound a ry mig ra ti on begins to d o mina te (e.g. region 
a in Fig ure 2a) . In th e a ni so tropic gra ins, a fter a ge ntle 

c rys ta l-l a tti ce bending, new g ra in bound a ri es sta n to 

evolw' (a rea c in Fig ure 2c ) a nd d e\'e lop sma ll new g ra ins 
tha l ove rprilll a nd d es troy th e o ri gin a l gra in struc ture 
(Fig. 4 ). 

The d egree or re-ori entati on in th e inequ a nt-sha ped 
g ra in aggrega tes is not as ex tensi\ 'e as in th e pol ycrys ta l­

lin e aggrega te. This d oes inOuence th e fin al fa bric , as th e 

initi a l fa bri c is non-ra nd o m ; th e fa bri c is a combina ti on of 
bo th rota led o ld g ra ins a nd the new rec rys ta lli zed g ra ins 
(Fi g. 3 b ) . It is a lso no ti cea bl e th a t th e re is th e 
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Fig. 1. R m)'stalli::ed grains ( a-I) o1'ergroll'illg deformed 
anisotro/)ic grain:, ill a ::olle of bending ill n/Jfrimfllt B f I ' 
82. For IO((ltioll see illsert illdicated ill Figllre 2(. The trau 
of the :,liji bOllcl5 ill the anisotrojJir ice is /Jresfrtw/ he((ll{jf 

oIthe silicoll oilfilm that n ists he/tt'eell the sample and the 
(ollstmillillg glaH /)Iate. 

cle\"(:- Io pment or a cl omain a l pa ttern a nd g ra in elonga ti o n, 
by a combina tio n or grain ro ta ti on a nd g ra in-bo und a ry 

mi g ra ti on , p e rpendi cul a r to the direc ti on o r sho rt enin g . 

A t shortenings g reate r th a n 20% (Fig . 2b a nd c ) t\l'O 

o b\· ious \\'edge-sha ped zo ncs d e\'e lo p adj ace nt to bo th 
pla tcn s and cx te l1si\'c recrystalliza ti o n and g ra in g ro \\·th 
occ ur. In th ese a reas, th e intrag ra nul a r d e ro rma ti on 
ine\'ita bl y becom es hig hl y locali zed non-unifo rm crys ta l­

plas ti c Oow wiih a m a rked elonga tion orthe rec n 's ta lli zed 

g ra ins perpendicul a r to th e sho rl l' ning ax is. 

EXPERIMENTAL NON-AXIAL SHORTENING 

Fig ure 5 illustra tes th e ge nera l sequence or d efo rmatio n 

recogni zed w he re th e bulk of th e crys ta ls d o no t m a inta in 

th eir ge nera l s ta rting o rient a tions, but undergo a d ex tra l 

a 

r. 
r~ 
f .. ~ "" 
I ~ .!, 'f' 

r , ~ 

tra nsla ti on a nd ge ntl e bulk ro ta tion as th e elonga te 

sa mple slid es a dj ace nt to th e 1110 \'ing pl a ten. This 

situ a tioll a ppea rs to be ca used b y th e initi a ti on of a 

sliding insta bilit y a lo ng th e sa mple plate n interface as th e 
sampl e begins to buc kle. Al ong thi s interrace , a Quid 
pressure m a \' d ('\'clop ill th e sili co n oil \\'hi ch is ca pa ble o f 

loca ll y redu cing th e shea r stress th a t racilita tes th e sliding 

of th e sam ple . In fact, it is th e bulk g ra in-aggrega te 

ro ta ti on th a t s trong ly inOuenees th e act i\'a ti on of th e 

ensuin g loca li zed slip and th e m agnitud e or g ra in 
ro ta ti ons. 

During thi s process it is ob\ 'ious tha t much o r th e 

initi a l d e lo rm a ti o n is accomm od a ted in th e sm a ll er 

\ 'a ri a bly o ri ent ed g ra ins (e.g. g ra in a in Fi gure 5a ) 

i l1\ 'o lvi ng sli p, g ra i n ro ta ti on a nd ex tensi vc g rai n- bo u nd­
a I' \' mi g ra ti oll. S uch regions also loca li ze subsequ ent 
bending o f' th e sampl e a nd accommoda te much o f' th e 
intrag ra nul a r s tra in. Th ese sm a ll e r p re-ex isting g ra ins 

unde rgo o b\' io us g ra in-bound a ry a djustm ents (Fig . 5 b 

a nd c ) \I·i th th e d e\'elopmen t oC su lured bound a ri es 

eomtempo raneo us \\'ith th e a ppea ra nce o[ slip ba nds 
pa ra llel to (000 1) . This is parti cul a rl y ob\·io us in th e 
lin er-g ra in ed c r ys ta ls \\' ith c-axes th a t a rc initi a ll y 
o ri ent ed either at a low o r hig h a ng le to th e sho rt ening 

axis a nd in th e region adj acent to th e res tra ining pl a ten. 

As th e sa mpl e is p rogressive ly sho rtenecl , th e m ore 

elonga te crys ta ls continu e to bu ckl e a nd d e\ 'C' lo p m a rked 
undul ose ba nd s pe rpendi cul a r to th e (000 1) slip pl a nes. 
As bu cklin g progresscs , th e ice adj aee llt to th e fi xed platen 
ge nera ll y rem a ins sta ti onary \"hil e th e ice adj ace nt to th e 

dri \'e n pl a ten progress i\ 'Cly ro ta tes \\'ith respec t to th e 

sho rt ening a xi s (Fig . 5e a nd d ) . Th e long limb of ih e 

buckl e is ro tated into an o ri entati on [or easy g lide a nd 
d oes no t shO\\· a n y rrc rys ra lliza ti on nor a ny sig nifi cant 
cha nges in g ra in-size throug h processes or g rain-bo und a ry 
mi gra ti on . In cont rast , th e inner a rc or th e buckle is a 

regio n of hi g h co mpress i\'e stresses a nd und e rgoes 

ex tensi\'e d yna mi c recrys ta lli za ti on. In th ese ex p erim ents 

there is no c\·id ence o r m elt initi a ti on . 

! 
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Fig. 5. Tlte microstructural et'olutioll in all allisolro/J ic ice aggregate 1( 'itlt lIoll-alial sltorten illg t/iat illl'o/z'es a del tml shear 
of t/ie sample ( el jierimen t Brl ' 67) . (a) Start illg 5alll/Jle: ( b e) are 5%.8% , 13% olld 16% am age IOllgitudlnal 
sltor/fIlillg S/lII iIlS. respectil'e(J' . 
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a) 

c) d) 

Fig. 6. Simulation oJ jJo/ygonal aggregate of ice. (a) Initial slip-plane traces ill the Ilumerical model; (b) the initial 
orientation distribution of slip-plane normals with respect to the sjleeimen orientation; (c) final sjJatjat distribution of slijJ­
plane traces after 29% axial sitortening; (d) fina l orientalio ll disl ribution of slip-jJtalle normals with respect la the 
orientatioll of the deformed specimen. T he scale bar rejJl'esenls 2% frequency distribution of orientations. 

NUMERICAL MODEL 

To understand the processes tha t may contribute to the 
observed microstructures and to comprehend the me­
chanical facto rs that control th e d eform a ti on, numeri ca l 
models have been constru cted using a finite-difference 
computer cod e FLAC (fas t Lagrangia n a na lysis of 
continua; C und a ll a nd Board , 1988; Itasca Consulting 
G ro up Inc., 1992) . This code is based on th e finit e­
difference method wh ereby the discretized equa tions for 
th e elas tic- plas ti c constitutive laws a re solved by a 
d yna mic relaxa tion scheme and is capa bl e of mecha ni­
cally modelling polycrys talline deforma tion invo lving one 
slip sys tem . The theoretical basis of th e model has been 
previously d escribed by Zhang and others (1993, 1994) 
a nd an applica ti on to th e modelling of d eforma tion and 
microstructu ra l d evelopm ent in polyc rys talline ice (Wil­
son and Zh ang, 1994) has prod uced res ults th a t a re III 

agreement with experimenta l obse rva ti ons. 
In the present computer models, the ice IS trea ted as 

a n elas ti c-perfec tly plas tic materi a l conta ining one slip 

sys tem, w hi ch foll ows the M ohr-Coulomb yield criterion 
a nd a non-associa ted pl as ti c flow law 0 aeger and Cook, 
1979; V erm eer and de Borst, 1984; Ord, 199 1); thc 
M obr- Coulom b elas tic-plas ti c consti t uti ve rela ti on is 
considered a ppropria te to d escribe duc til e deforma ti on 
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(Jaege r and Cook, 1979; R a na l1i , 198 7; Ord, 199 1), 
where tempera ture is rela tively low and strain ra te is 
high . Such a ma teri a l plas ti call y d eforms domina ntly by 
disloca tion glide on one slip plane (Zhang and others, 
1993, 1994) . The res ul ting fa brics in the polycrys tals 
modell ed here are primarily a function of initial grain 
stucture, th e ori enta tion of the opera ti ve slip sys tem and 
bulk-d eformation kinema ti cs (Wilson a nd Zh ang, 1994) . 
I t should be pointed out tha t the elas tic- perfectly plas ti c 
fl ow law ass um ed here for the deforming medium will 
res ult in some devia tion fro m th e power-l a w rheology 
which is usua ll y ass umed for ice deforma tion but it allows 
us to ob tain a n approxima ti on to intrac rys ta llin e­
mechanism-based polycrys tallin e deforma tion and som e 
insigh ts into the opera ti ng processes. 

N umerical bulk deformation was achieved by specify­
ing a ppropria te bound a ry conditions. This invo lved 
definin g fi xed mes h boundari es a nd assigning constan t 
d ispl ace ment ra tes com pa ra ble to th e ex periment s 
d escribed a bove. The mechanical properti es of ice used 
in th e models are those disc ussed a nd adopted by ' Vilson 
and Zh ang (1994) . Three d eforma ti on si tua ti ons invo l­

ving ( I ) initi all y equi-axed hexagonal g ra ins (Fig. 6), (2) 
an a ni so tro pi c ice aggrega te (Fig. 7), bo th subjec ted to 
ax ia l shortening and (3) a lour-grain polyc rystal sub­
jec ted to pure shca ring (Fig. 8) have been simul a ted. 
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(a) 

(b) 

(c) 

BE 
+ 

A 
D 

+ 
D 
A 

t-BC 
BE: bulk extension 
BC: bulk compression 

BE 
~ 

strain ellipse: R = (I + et) I U + e2) = 1.5625 

(a pure shear with 20% bulk shortening) 

Fig . 7. Basiejeatures oj the axial shortenillg of the ice experiments . (a) FOllr undefonned /}o(ygonaL gm ills ( A, B, C and 
D ) wiLh basal planes (0007 ) and grain boundaries orienLed at a high angle to the viewing j}lane (left), and possible c-a)../s 
orienLationsfor each gmin under the axial-shortening deformationframe. A has all orientatioll fa1!o urable fo r kinking, B and 
C have an easy-glide basal-jJlane orientation and D has a stable orientatioll. (b) A pure-shear deformalion willt 20% bulk 
shortening and showing Ihe relationship 10 tile jil7 ile strain eLLijJse . (c) Slress distribulion wilhill a grain (see lextjorfurlher 
ex/}Ianation) . 

Polycrystalline grain aggregate 

The two-dimensiona l hexagonal-gra in mod el is shown in 
Fig ure 6. This mod el (Z ha ng a nd o th ers, 1993 ) simul a tes 
a numeri cal polyc rys ta llin e spec imen conta ining 49 full 

hexagona l gra ins with \·a ri a ble slip-pla ne traces, sub­

j ec ted to a xi a l shortening (Fig . 6a ). The orient a ti on of th e 
initia l slip-pl a ne norm als is ra ndom (Fig . 6 b) . Th e res ults 
hig hli ght th e feature of poly crys ta lline deformation with a 
sing le slip-sys tem opera ti on (Fig . 6c) . Upon d efo rm a ti o n, 
intragra nular sli p acco mm od a tes mos t of the d eform a tio n 

a nd th e initi a l equi-axed g ra in geome try has been 
d eform ed into non-equi- axed sha pes . Beca use of th e 

limited slip system , th e distribution of d eform a ti on is 
clea rl y inhomogeneo us, 0 11 bo th th e intragra nula r a nd 
interg ra nul a r sca les. Th e gra ins showing hig h stra in a re 
mos tl y th ose with d eform a tion-[a \·ourable la ttice orienta­
lions. Intragra nula r mi cros tr uc tu res a re a lso well d n"Cl­

oped , including undul a tory la tti ce ori enta ti ons (smoo th 
slip-pl a ne bending ), sub- g ra ins, kink struc tures a nd 
Oa ttened gra ins. In a reas nea r th e free bo und a ri es of th e 
specim en th e inh omogeneity o f stra in is more ma rk ed . 
This is rela ted to bo th th e sta rtin g la lli ce o ri ent a ti o n a nd 
the bo und ary condili ons. 

The fin a l ori ent a ti on distribution 0 [' slip-pl a ne nor­
ma ls (Fig . Gd ) shows that, a ft e r 29% bulk short ening, two 
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€ = 10% 

E 
E 
o 

Fig. 8. SimllLatio ll if deformation in anisotropic ice. The basicfeatll res are a dirert colD' ~f the microstructure ill el jJeriment 
F2 ( see lI'ilsO Il, 199-1 ) . The Ji led jlLatell is al the base of the sample. (a) Slarlil1g .lall1))/e; ( h) aJler 10% (Il ia! 
sl!orlfll illg; (c) ({/ler 20 % axial slz orlenillg . 

rl.1a~"ma or slip-pl a ne no rm a ls dc\"clop approximately 
symm etri call y about th c bulk shorrening direc tion. The 

a ng le between th e two m axima in th e model is about 50 u
• 

This is compatible with th e res ults from th e experim en­

ta ll y d efo rmed sa mple (Fig . 3a ). As pointed out b y Zha ng 
and o th ers (1994), th e preferred orient a tion of th e slip­
plan e normals stre ng th ens as th e bulk d eform a ti o n 
I11 creases with slip pla ne n orm a ls ge nera 11 y rot a ti ng 
towa rds th e bulk sho rtenin g axi s. H owe\ 'er , th e m axIma 

of the slip-plane normals do not li e in thi s direction, due 

to th e d e\'ia tions be tween th e oricntations o f local 
ma ximum principa l stresses a nd th e bulk sho rtenin g axi s 
as ca uscd by gra in intera cti ons. 

The model al so illustra tes a number o[ sig nifi cant 

fe a tures that a re hi g hli g hted in a simplifi ed pure shea r 

d eforma tion illustrated in Fig ure 7. Gra ins in eas y-glide 

orienta ti ons (g ra ins B a nd C in Figure 8a ) will produ ce 
bend i ng of th e (0001 ) . HOIve\'er, in the experimen ts th e re 
is little la ttice bending, instead , th ese a re th e first g rains to 
undergo ex te tlsil'<:' g rain-boundary mig ra ti o n and rec rys­
ta lliza tion. Grains in ha rd-g lide o ri entations (g ra ins A 

a nd D in fi g ure 8a ) undergo onl y limited g lide but if th ey 

lie parallel to the bulk compression direction lVill kink or 
buckle. The strain in indi"idual g rains wouldthercfore be 
markedl y different fi 'om th e bulk finit e strain (Fig. 8b ). 
Similarl y, the stress distribution (Fig . 8c ) is inhomoge­
neous both on th e inter-gra in and intra-grain scales as 

explained b y Wilson and Zhang (1994). Significan t stress 

\'ariations are therefore occurring at g rain triple junctions 
and these arc the sites where significant grain-boundary 
migration or the first melts occur (\Vilson and others, in 
prcss ) . 
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Anisotropic grain aggregate 

Where th e re was a signifi can t proportion of elonga te 

g rains lying in a h a rd-g lide orient a tion th e strain 

di stribution was clearl y inhomogeneous (Fig . 8 ) . Grains 
that initi a ll y had (0001 ) parall el to th e short e ning 
direc tion (Fig . 6a l sho rt ened to produce prominent 
intrac r ys ta lline d e[o rm a ti o ll fea tures, such as kinks. 
Gra ins 111 an initial easy-g lide o ri entation ge nera ll y 

becam e ma rk edl y elonga te a nd produced gentle la ttice 

bending of (0001 ) . Gra ins ",ith (0001 ) perpendi cul a r to 
th e short ening a XI s a lways appea red und efo rm ed , 
v,h ercas III th e experim ents (Fi g. 2) g ra in-bound a ry 
mi g ration modified th eir shape until they disa ppea red. 

l\Ian y of these fealUres continu ed to be amplifi ed as th e 

model was shortened to 20 % (Fig . 8b a nd c) . 

The modelled shea r-stra in conto ur di stribution fo r 
such a n experimental sample (Fig . 9 ) appea rs to li e in 
broad zones that transect th e sampl e in a conjuga te 
pa tt e rn . The zones or hi ghest shear-strain concentra ti o ll 
are oriented at 45 ' to th e shortenin g directi on and 

ema na te Cram eithe r th e mOI'ing pl a ten end or uncon­

strained boundaries of th e sample. As grain di stortions 
a cross g rain boundaries become more prominent (er Fig . 
8b a nd c l, the magnitud e and di stribution o[ the sh ea r­
strain contours become more marked . The di stributi on of 
th ese shear-strain contours bears a strong resembla nce to 

the inhomogeneous plane-strain deformations d escribed 

b y Johnson a nd .\Ie ll or ( 1973 ) where the distribution of 
strain in the samples vari es as a ri g id indentor pushes into 
a ductile materia l. For \ 'arious indentation geometri es , a 
field or shear or slip lines can be calculated and predicted 
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Fig . 9. Simulation oJ shear-stress dist ribution il1 the ice­
defo rmatioll e.tjJerimellt F2 at 20% s/lOrtening (if. Fig . 
Bc) . T lte [ol/LOllr intervals rejJresent 1.50 x 10 I stejJs ill 
shear streH (AJPa). increasing .from 1IllstijJjJled, stijJjJ/ed 
to black. 

(Jo hnson a nd :'fcll or , 1973 ). In thi s ex perim cnt , th e a rea 
of sp ec imen widening a nd th e loca ti o n of initia l sites o f 

melting closel y co rrcs pond to regions in the samples th a t 

wo uld bc pa r a ll el to a se t of sli p lines . 

DISCUSSION 

It is o b\·ious th a t th e mi cros tru c ture a nd accompa n ying 

crysta ll ogra phi c fa bri cs a rc c lose ly d epend ent upon bulk 

stra in a nd di spl ace ment histo ry. Simulta neo us slip occurs 
conc urre ntl y in severa l g ra ins a nd with diffe rent la tti ce 
orienta ti ons, producing nea res t-n eigh bo ur g ra in inte rac­
ti o ns a nd local \'a ri a ti ons in stress. \Vh en using numcrica l 

mod els of the type d escribed a nd summ a ri zed by V a n d e l' 

\l een a nd \ \ ' hill a ns (1994), it has bee n usua l to ta ke ax ia l 

d efo rm a ti on to be ce nt ro-symmetri c. This is p roba bl y 
justifi ed [o r ini tia ll y iso tro pi c aggrega tes but wo uld no t 
neccssa ril y bc so [o r a ni so tropi c oncs beca use of th e 
d e\-e lopment of buckling insta biliti es . No ne th e less , in 
m a n y p revious mod clling studi es th ere has bccn no 

a ttem p t to ad d ress th e fac t th a t wh en g ra ins unde rgo 

\ 'e r1' la rge cha nges in sha pe th ey a re bound to res pond 
differentl y th a n if th cy had rem a ined e,!ui-axcd . 

Si mila rJ y, a no ther so u rcc of difIc renee be twee n t hc 
ex perim ents a nd prc\'io us models is th e non-uniform 

deform a ti on th at is typica l of th e ac tu a l g rain d efo rma­

ti o n. In th e models, e\'cn aft e r rela ti vcly hig h st ra ins a re 

reached , each of th e g ra ins remains in contac t \I'ith th e 
sa me neig hbo urs it sta rred o ut with . In th e ex perim ents, it 
is e\· id ent th a t g ra in inte rac ti ons crea te large g ra in-

bounda ry mig ra ti ons a nd it is onl y g ra ins in ha rd g lid e 

o ri enta ti ons th a t may rema in in contac t \\' ith th e same 
ncig h bour. H owevcr , this is diffi cult to di scern because oC 
th e ex te nsi \'e a m ou n L of g ra in- bo u nd a r)' mi g ra ti o n. 

In con t ig uous g ra ins, th e slip m od es a re diHc rcnt a nd 
th e la tti ce ro ta tions th a t occur w ithin them a rc a lso 

different. This lead s to a la rge r spread in th e o ri enta ti ons 

d e\'eloped in a gi\'en g rain as seen in bo th th e ex pcriments 
a nd th e mod els, w ith th e d e\'e lo pm ent of sub-gra ins a nd 
undul ose ex tin c ti on . An insig ht conce rning th e innu ence 
of non-uniform d eform at ion on a n aggrega te was ga ined 

b y conside ring th e int erac ti ons of onl y fo ur g rains (Fig , 

7) , In this situ a ti on th e locali zed incompa tibilit y o[ stra in 

across g ra in bo und a ri es, pa rti cul a rl y a t tripl e-point 
jUllcti o ns, p ro ba blv crea tes sig nifi cant cli ffe re llli a l stresses 
th a t re late to in creases in inLc1'l1 a l la tti cc-defec t encrgy. 

[n th e \'ieinity of th e g ra in bound a ri es, g ra in grow th is 

d omina nt a nd melting is first no ti ced (Wilso n , 1994; 

Wilso n a nd Zh a ng, 1994). I n such a reas, th ese processes 

a rc a response to th c stress difIc renccs (Fig . 7c ) a nd , as th e 
ice crys ta ls d o no t undergo a n y furth er sig nifi ca nL 
erys ta l10g ra phi c g ra in ro ta Li ons, th e reso lved shea r stress 
ri ses (Fig . 9 ). At larger strains th c cl e\ 'ClopmCl1t o r a new 

micros truc ture res ults in a pro ba ble stra in ha rd enin g of 

th e aggrega te. As a res ult , th e ax ia l stress required fo r 
yielding a lso inc reases and th e rc must be a n ex pcndirure 
of th e mec ha ni ca l ene rgy . T wo poss ible situ a ti o ns may 
exist \I·he re th e mec hani ca l energy p rodu ced b y d efo rma ­
tion is cO I1\ 'en ed into eith e r ( I ) hea t ene rgy , which 

coupled with a n ex tern a l hea l source, ma)' fac ilita te th e 

fo rm a ti o n o f m elts (\\' ilson a nd o th ers, in press ) o r (2) a 
gr ain-bound a ry cncrgy . In th e la tt er case, th e la tti ce­
d efec t energy would cqu a l th c g ra in-bo und a ry dri ving 
(o rce with th e stra in energy being di ssipa ted as new 

disloca ti ons a re cons ta n tl y grnera ted beh i nd th e m ig ra t­

ing bo und a ry. 

On a la rge r sca le, th ere is a se t of axes th a t re la tes to 
th e entire aggrega te a nd how it undergocs a bulk 
de fo rm a ti o n . rr th e ice is d efo rm ed pa ra ll e l to a n 
a ni so trop y, th en a d omain a l pa tt e rn of d eform a ti on is 
produced predomina ntl y by g rain ro ta ti on. The asso­

cia ted pa ttern of he terogenro us stra in occurs a t a loca l 

a nd o n a bulk sca le with pa rtiti oning of stra in in to ro ta ted 
o r buckled sec ti ons \'ers us a reas where th erc is ('x tcnsi\'e 
rec n ·s ta lli za ti o n . An imposed bulk shea ring m o ti o n 
r es ults in a progress ive selec ti on o f o ri ent a ti o n d oma ins 

so th a t stra in ca n be pa rtiti oned into d oma ins d omina ted 

by eith er easy g lide o r ext r nsiw d yna mi c recrys ta lli za ­

ti on, Th e rec rys talli za ti on is a stra in-soft ening p rocess . 
\\' hen th e a niso tropic g ra in s a re ro ta ted to o ri enta ti o ns 
sub-pcrpendi cular to th e bulk shortcning direc ti o n. th a t is 
pa ra llel to th e ex tension direc ti on , th ese g ra ins und ergo 
onl y limited g lid e th a t produ ces minimal sh ape cha nges. 

CONCLUSIONS 

By imposing stri c t kin ema ti c constra ints, a number o r 

acco mmod a tion processes a re need ed to compl ement 

intracrys ta lline slip a nd produ ce distin ct mic rostruc tures. 

These processes d o no t co-ex ist in th e sam e experim ent 
a nd th e o ri ent a ti on of th e basa l plan e in th e ice is criti ca l 
(o r th e selection of th e maj or accollllllod a ti on process. 
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The examples desc ribed demo nstrate that: 

( I ) Th e o ri enta tion distributi on of il1lrac rysta lline slip 
planes determines the deform a ti o n history, pa rti cu­

la rl y if there is a pre-existing g ra in-shape or orienta­

tion fab ri c. 

(2) Starting fro m an initi a l rand o m di stribution of 
polygonal grains, intrac rys ta lline slip is fav oured in 
g ra ins with easy-glide orientat ions and these arc the 
first g rains to undergo d yna mic rec rys ta lli za tion. 

(3) Pa tterns o f heterogeneous deformation and fabric 
de\'c1opment occur both o n a loca l a nd on a bulk 
sca le and can be rela ted 10 nearest-neighbour g rain 
in lerac ti ons. 

(4 ) Dyna mi c rec rys tallization invoking gra in-bound ary 

mi gra tion , new grain nucl ea tion or localized melting 
a re convenient mecha ni sms lh a t a llow slrain softening 
to occ ur in a nisotropi c ice masses. 
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