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Resum6 - Le b u t  de n o t r e  programme de r eche rche  e s t  d 1 6 t u d i e r  l e  comportement 
r h e o l o g i q u e  d e  g l a c e s  s o u m i s e s  a u x  mgmes c o n d i t i o n s  que c e l l e s  e x i s t a n t  & 
l t i n t 6 r i e u r  de s a t e l l i t e s  des  ' p l ane te s  e x t e r i e u r e s  a f i n  de c o n n a i t r e  l e u r s  l o i s  de 
deformation. Pour c e l a ,  nous avons e f f e c t u e  100 e s s a i s  de compression & v i t e s s e  de 
d e f o r m a t i o n  c o n s t a n t e  pour  d e s  p r e s s i o n s  a l l a n t  j u s q u t g  500 HPa e t  pour  d e s  
temphratures  a u s s i  bas ses  que 77 K. Pour P > 30 MPa, la  g l a c e  Ih s e  f r a c t u r e  p a r  
i n s t a b i l i t 6  de c i s a i l l e m e n t  p rodu i san t  d e s  f a u t e s  dans l a  d i r e c t i o n  du maximum de 
c o n t r a i n t e  de c i s a i l l e m e n t  e t  l a  c o n t r a i n t e  de f i s s u r a t i o n  e s t  independante de l a  
p res s ion .  Ce comportement i n h a b i t u e l  p e u t - 8 t r e . a s s o c i i  2 d e s  t r ans fo rma t ions  de 
phases l o c a l i s e e s  dans  l e s  zones de c i s a i l l e m e n t .  
La r e s i s t a n c e  e n  regime s t a t i o n n a i r e  s u i t  d e s  l o i s  r h e o l o g i q u e s  thermiquement 
a c t i v 6 e s  d 6 c r i t e s  pa r  des  l o i s  de puissance,  avec  d i f f e r e n t s  parametres  dt8coulement 
dependan t  d e s  g a m e s  de  t e m p e r a t u r e s  6 t u d i B e s .  Les  l o i s  d16cou lemen t  s e r o n t  
d i s c u t e e s  e n  r e l a t i o n  a v e c  l e s  d i v e r s  mdcanismes de d e f o r m a t i o n  d e d u i t s  d e s  
in i c ros t ruc tu res  observees  optiquement e t  en comparaison avec  d t a u t r e s  t ravaux.  
Abs t r ac t  - The aim o f  our  r e sea rch  programme is t o  exp lo re  t h e  r h e o l o g i c a l  behavior 
of Hz0 i c e s  under c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  i n t e r i o r s  of  t h e  i c y  s a t e l l i t e s  of  
t h e  o u t e r  p l a n e t s  i n  o r d e r  t o  g i v e  i n s i g h t  i n t o  t h e i r  deformation. To t h i s  end, we 
have performed over 100 c o n s t a n t - s t r a i n - r a t e  compression t e s t s  a t  p r e s s u r e s  t o  500 
MPa and temperatures  as low a s  77 K. 
A t  P 30 MPa, i c e  I h  f a i l s  by a s h e a r  i n s t a b i l i t y  producing f a u l t s  i n  t h e  maximum 
s h e a r  s t r e s s  o r i e n t a t i o n  and f a i l u r e  s t r e n g t h  t y p i c a l l y  is independent o f  p re s su re .  
Th i s  unusual  f a u l t i n g  behavior  is thought  t o  be connected wi th  phase t r ans fo rma t ions  
l o c a l i z e d  i n  t h e  shea r  zones. The s t e a d y - s t a t e  s t r e n g t h  fo l lows  r h e o l o g i c a l  laws o f  
t h e  the rma l ly -ac t iva t ed  power-law type ,  wi th  d i f f e r e n t  flow law parameters  depending 
on the  range o f  t e s t  temperatures .  The flow laws w i l l  be d i scussed  wi th  r e f e r e n c e  t o  
t h e  ope ra t ing  deformation mechanisms a s  deduced from o p t i c a l - s c a l e  m i c r o s t r u c t u r e s  
and comparison wi th  o t h e r  work. 

1. In t roduct ion. -  Ice f lows p l a s t i c a l l y  under t h e  f o r c e  of g r a v i t y  on a l a r g e  
s c a l e  on t h e  E a r t h ' s  s u r f a c e  and i n t e r e s t  i n  t h i s  n a t u r a l  phenomenon has  mot ivated 
a long  h i s t o r y  of r e s e a r c h  on i c e  rheology a t  t h e  h igh  temperature  and low pres- 
s u r e s ,  c o n d i t i o n s  a p p r o p r i a t e  to  t h e  n a t u r a l  t e r r e s t r i a l  environment. It is  now 
arguably  t h e  b e s t  c h a r a c t e r i z e d  c r y s t a l l i n e  Ea r th  m a t e r i a l  as fa r  a s  i t s  rheology 
under n a t u r a l  cond i t ions .  H20 i c e s  also e x i s t  i n  abundance i n  t h e  o u t e r  s o l a r  
system and of p a r t i c u l a r  i n t e r e s t  is t h e  f a c t  t h a t  t h e  H20 ices e x i s t  i n  t h a t  
e x o t i c  environment a t  t empera tu res  a* low as 35 K and p res su res  as high a s  s e v e r a l  
GPa [I]. Not on ly  a r e  t h e s e  c o n d i t i o n s  f a r  removed from previous  exper imenta l  and 
t e r r e s t r i a l  f i e l d  exper ience ,  o t h e r  h igh-pressure  forms of i c e  a r e  expected t o  be  
s t a b l e  i n  t h e  i n t e r i o r s  of t h e s e  i c y  moons and p lane t s .  Many i n t e r n a l  p rocesses  
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connected wlth t h e  ther~nomecllan~ca~ e v o l u t ~ o n  of these  :ioclies involve t h e  f r a c t u r e  
and flow propert ies  of H20 i c e  and hence we were motrvated t o  explore t h e  ine las -  
t i c  p roper t i es  of t h i s  compound a t  temperatures and pressures f a r  removed from 
previous work i n  o rder  t o  provide some of t h e  t o o l s  f o r  i n t e r p r e t i n g  t h e  sur face  
f e a t u r e s  t h a t  stem from these  i n t e r n a l  processes. A companion paper [2] r e p o r t s  
t h e  flow proper t ies  of i c e  11, I11 and V. This paper f i r s t  explores t h e  f a i l u r e  
processes t h a t  dominate a t  laboratory time sca les  a t  temperatures below about 
165 K. Second, we review t h e  important e f f e c t s  of temperature and deformation 
r a t e s  on t h e  s teady-state  p l a s t i c  s t reng th  of p l y c r y s t a l l i n e  i c e  Ih and demon- 
s t r a t e  t h a t  t h e  rheological  laws determined a t  high temperatures f o r  i c e  a r e  an 
inadequate descr ip t ion  of t h e  flow behavior a t  lower temperatures. Last ly ,  we 
describe some preliminary o p t i c a l  t h i n  sec t ion  tex tures  and s t r u c t u r e s  t h a t  a r e  
reveal ing of t h e  operat ing p l a s t i c  deformation mechanisms. 

2 .  Experimental de ta i l s . -  Clear i s o t r o p i c  po lycrys ta l l ine  aggregates of i c e  Ih 
were prepared by a s tandard molding technique 141, r e s u l t i n g  i n  a polygonal g ra in  
t ex ture ,  uniform gra in  s i z e  of 700 v m  ( l i n e a r  i n t e r c e p t  method [3] ) ,  and sample 
s i z e  25.4 mm diameter and 62 mm length. The specimens were jacketed i n  indium and 
shortened a t  constant  r a t e s  i n  a high-pressure gas apparatus designed t o  deform 
i c e  a t  low temperatures 141. The d i f f e r e n t i a l  s t r e s s  0 = o l  - o3 ( o l  and o3 a r e  
the  maximum and minimum pr inc ipa l  compressive s t r e s s e s )  and e n g ~ n e e r i n g  s t r a i n  E 

were ca lcu la ted  from t h e  f o ~ c e  and displacement t ransducer  records and t h e  r e s u l t -  
ing e f f e c t s  of s t r a i n  r a t e  E ,  absolute  temperature T, and confining pressure P- on .. 
t h e  s t r e s s - s t r a i n  curves were determined. See our e a r l i e r  publ icat ions [4, 131 f o r  
f u r t h e r  d e t a i l s .  

3. Experimental resul ts . -  3.1. Pressure e f f e c t s  T a t 2  165 K.- Four f a i l u r e  -------- ------- - -- --- - 
processes a r e  important a t  low temperatures: ( 1 )  Axial s p l i t t i n %  a t  confining 
pressures near 0.1 MPa. This process involves t h e  production, growth and coales- 
cence of t e n s i l e  microcracks or ien ted  p a r a l l e l  t o  t h e  specimen compression ax is  
and normal t o  t h e  l e a s t  p r inc ipa l  compressive s t r e s s  and i s  a common mode of f a i l -  
ure of b r i t t l e  mate r ia l s  under near-uniaxial compression condit ions 163. 
( 2 )  B r i t t l e  shear  f r a c t u r e  on inc l ined  f a u l t s  where t h e  f a i l u r e  s t reng th  of 
increases s teep ly  with increasing pressure ( s e e  Fig. 1 ) .  Again, t h i s  is  a very 
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Fig. 1.- Fa i lu re  s t r e n g t h s  of of i c e  
a t  low temperatures (T < 165 K) and 
elevated pressures  [from unpublished 
data and 41 b 
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Fig. 2.- Variat ion of t h e  s t r e n g t h  of 
i c e  with confining pressure a t  T = 
195 K. 

common f a i l u r e  mode of rocks and ceramics a t  e levated confining pressure [6] and 
i s  thought t o  develop from t h e  production, growth and i n t e r a c t i o n  of t e n s i l e  
microcracks [71. F a i l u r e  s t reng th  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature and 
s t r a i n  r a t e  [4].  ( 3 )  F r i c t i o n a l  s l i d i n g  along preexist ing f rac tures .  After  a shear  



f a u l t  has  formed, t h e  r e s i s t a n c e  t o  f r i c t i o n a l  s l i d i n g  is  l e s s  than t h a t  required 
tc form a  f a u l t  (Fig. 1 )  and hence subsequent deformation takes place by s l i d i n g  
(k]. Separate t e s t s  on samples with precut and ground a r t i f i c i a l  f a u l t s  i n d i c a t e  

t h a t  i c e  Ih displays a  f r i c t i o n a l  law of t h e  form 

T = 8.5 MPa + 0.2 o (MPa) 
f  

( 1 )  

where .rf is t h e  shear s t r e s s  necessary t o  overcome s t a t i c  f r i c t i o n  and on is t h e  
normal s t r e s s  on t h e  s l i d i n g  sur face  a t  t h e  time t h a t  s l i d i n g  occurs [ 9 ] .  F r i c t i o n  
i n  i c e  a t  these  condit ions i s  unstable ,  producing rap id  s t r e s s  drops t h a t  can take 
place repeatedly u p n  reloadrng i f  t h e  jacket  does not rupture. The s l i d i n g  
s t reng th  general ly  increases  with event number, reaching an apparent plateau a f t e r  
several  cycles. The f r i c t i o n  law of eq. ( 1 )  is  r e l a t i v e l y  insens i t ive  t o  t e m  ra- 
t u r e s  over t h e  range 77 t o  115 K and s l i d i n g  v e l o c i t i e s  ranging from 3  x 10-'to 

-1 3  x  mm s and normal s t r e s s e s  from 20 t o  250 MPa. The micromechanical 
mechanisms cont ro l l ing  i c e  f r i c t i o n  under these  condit ions are '  unknown. ( 4 )  High- 
pressure shear  i n s t a b i l i t y .  Above a  confining pressure of 30 MPa a t  T  < 165 K, i c e  

e x h i b i t s  an unusual form of shear f a i l u r e .  It is unusual because pressure does not  
increase  t h e  f a i l u r e  s t r e n g t h  o f ;  of i s  e i t h e r  independent of PC o r  of decreases 
with increasing PC (Fig.  1 ) .  These f a u l t s  form i n  t h e  maxunum shear  s t r e s s  or ien-  
t a t i o n  (450  t o  t h e  compression d i r e c t i o n )  and i n  t h e  one t e s t  i n  which t h e  jacket  
did not l eak  a f t e r  f a i l u r e  occurred, a  subsequent f a i l u r e  occurred a t  about t h e  
same of ,  ind ica t ing  t h a t  cohesion was not reduced during t h e  f i r s t  event, i n  
con t ras t  with ordinary shear f rac ture .  Kirby [ lo ]  proposes t h a t  t h i s  shear  
i n s t a b i l i t y  i s  connected with t h e  l o c a l i z a t i o n  i n  t h e  f a u l t  of a  polymorphic phase 
change t o  i c e  I1 and c i t e s  an example of another non-metallic compound t h a t  
exhibi ted nearly i d e n t i c a l  behavior. 

3.2. gggsgzg _effects _at T__X 152 &.- A t  higher temperatures, i c e  Ih e x h i b i t s  a  
t y p i c a l  b r i t t l e - d u c t i l e  t r a n s i t i o n  with increasing confining pressure which 
depends upon temperature and s t r a i n  r a t e .  A t  pressures l e s s  than about 10 MPa a t  
195 K, ordinary shear f r a c t u r e  occurs with of increasing s teep ly  with increasing 
PC (Fig. 2) .  A t  intermediate  pressures, t r a n s i t i o n a l  b r i t t l e - d u c t i l e  behavior 
occurs. A t  PC a 50 MPa, t h e  samples deform by e s s e n t i a l l y  homogeneous p l a s t i c  
deformation and t h e  s teady-state  s t r e n g t h  os (explained below) s l i g h t l y  decreases 
with increasing PC. This pressure e f f e c t  is  cons i s ten t  with a  negative ac t iva t ion  
volume f o r  c reep  of -13 x  m3/inole ( s e e  flow law discussion below). 

3.3. g~~g~_s_t~gu&p~& _i_n t rpre ta t iog  _qf e_e_s_s .sxs&~ l_n~ryzs.- A l l  of t h e  t e s t s  
i n  t h e  d u c t i l e  regime e x h i b i t  l i n e a r  quas i -e las t i c  behavior a t  low s t r e s s e s ,  
followed by macroscopic y i e l d  a t  0  a  peak rn t h e  s t r e s s - s t r a i n  curve a t  om 
followed by s t r a i n  softening and tK6n s teady-s ta te  s t reng th  as t o  s t r a i n s  of about 
0.20 where b a r r e l i n g  of t h e  samples becomes t o o  pronounced t o  make meaningful 
measurements of s t r e s s  and s t r a i n .  Thin sect ions of samples taken t o  various 
s t r a i n s  along a  s t r e s s - s t r a i n  curve a t  T  = 213 K, E = 3.5 x  s-I and PC = 
100 MPa i n d i c a t e  t h e  following evolut ion of i n e l a s t i c  processes: ( A )  A t  low 
s t r a i n s  where s t r e s s e s  a r e  between a and a,,,, samples show p l a s t i c  deformation 
f e a t u r e s  i n  t h e  o r i g i n a l  g ra ins  a s  ixdicated by var iab le  ex t inc t ion  ( o p t i c a l  
o r i e n t a t i o n  changes) i n  ind iv idua l  grains .  (B) A t  s t r a i n s  j u s t  beyond new 
r e c r y s t a l l i z e d  gra ins  appear f o r  t h e  f i r s t  time and no op t ica l - sca le  ev%ence f o r  
p l a s t i c  deformation i n  o r i g i n a l  o r  r e c r y s t a l l i z e d  gra ins  is  seen. (C) A t  s t r a i n s  
s u f f i c i e n t l y  high t h a t  s teady-state  flow s t reng th  is  a t ta ined ,  t h e  r e c r y s t a l l i z e d  
gra in  s i z e  s t a b i l i z e s  t o  values l e s s  than those observed i n  t h e  s t ra in -sof ten ing  
p a r t  of t h e  s t r e s s - s t r a i n  curve. There i s  no evidence f o r  s i g n i f i c a n t  g ra in  f l a t -  
t en ing  a t  any s tage  of t h e  s t r e s s - s t r a i n  curve. We conclude t h a t  t h e  s t r a i n -  
sof tening s tages  a r e  associated with t h e  onset  of r e c r y s t a l l i z a t i o n  and t h a t  t h e  
attainment of s teady-state  flow is connected with t h e  s t a b i l i z a t i o n  of recrys- 
t a l l i z e d  gra in  s ize.  In  t h e  discussion below, we explore t h e  systematic e f f e c t s  of 
T, E and PC on as. 
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3-4-  E_f_fects_ of tempe_r_ature~ s t r a h  gate and_ pyes_s=_e gte_a_dy:_state _st:en$h.- 
For t h e  purposes of discussion,  we p lo t  t h e  s teady-state  s t reng ths  on a  log 0, 
versus l/T(K) b a s i s  f o r  four d i f f e r e n t  s t r a i n  r a t e s  (Fig. 3 ) .  I f  i c e  Ih follows a  
flow law of the  general form 

then t h e  data  should p lo t  l i n e a r l y  with s lopes equal t o  Q*/2.303 nR. In equation 
( 2 ) .  A, n  and Q* a r e  mater ial  constants  t h a t  depend u p n  deformation mechanism. Q* 
is t h e  a c t i v a t i o n  energy f o r  s teady-state  flow which contains  an e f f e c t  of pres- 
sure  P: Q* = H* + PV* where H* is  t h e  a c t i v a t i o n  enthalpy and V* i s  t h e  a c t i v a t i o n  
volume. The data  i n d i c a t e  t h r e e  d i s t i n c t  regimes of flow: ( 1 )  Regime A a t  t h e  
highest  temperatures which d i sp lays  t h e  l a r g e s t  e f f e c t  of temperature on as. In 
Figure 3 we a l s o  p lo t  t h e  un iax ia l  as data  of MelLor and Cole [ l l ]  which c l e a r l y  
shows t h a t  our flow d a t a  converges with d a t a  co l lec ted  f o r  g lac io log ica l  purposes 
a t  higher  temperature and room pressure. The least-squares  f i t s  t o  t h i s  data  s e t  
(Table 1 )  i n d i c a t e  n = 4.0 * 0 . 6  and Q* = 91 + 2 kJ mol-l, values very c lose  t o  
those reported by o t h e r s  i n  . t h i s  temperature range ( see  review by Weertman [I21 ). 
Samples deformed i n  t h i s  regime a r e  unusually c l e a r  and t h i n  sec t ions  c u t  from 
them show evidence f o r  g ra in  boundary mobility i n  t h e  form of grain growth and 
gra in  boundary bowing. ( 2 )  Regime B i n  which r e c r y s t a l l i z e d  gra ins  a r e  polygonal 
i n  shape and ne i ther  g ra in  shape changes nor i n t e r n a l  p l a s t i c  deformation f e a t u r e s  
a r e  observed a t  t h e  o p t i c a l  s c a l e  i n  t h e  deformed samples. Although t h e  s t r e s s  
exponent n i s  e s s e n t i a l l y  t h e  same a s  i n  regime A, Q* is  markedly lower a t  61 f 
2 kJ mold'. ( 3 )  Regime C,  i n  which p a r t i a l  r e c r y s t a l l i z a t i o n  has occurred but 
evident ly has not kept pace with i n t e r n a l  deformation, judging from t h e  p l a s t i c  
deformation fea tures  (bending and kinking) t h a t  a r e  prominent i n  many of t h e  
grains. The n = 4.7 f. 0.2 and Q* = 36 f 5 kJ mol-' a r e  both s i g n i f i c a n t l y  d i f f e r -  
e n t  than a t  higher  temperatures and lower s t r e s s e s .  I t  should be emphasized t h a t  
t h e  flow-law parameters charac te r iz ing  regime C a r e  t h e  least-well  determined of 
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Fig. 3 . -  Variat ion of s teady-s ta te  flow s t r e s s  as with temperature T a t  four 
d i f f e r e n t  s t r a i n  r a t e s  p lo t ted  on a  logloas versus 1/T(K) basis .  The i n t e r p l a t e d  
d a t a  of Mellor and Cole [ I l l  i s  shown a s  f l l l e d  symbols. The s lopes of t h e  curves 
a r e  propsrt ional  t o  t h e  a c t i v a t i o n  energy Q* and t h e  separat ion between t h e  data  
a t  var ious s t r a i n  r a t e s  r e f l e c t s  t h e  s t r e s s  exponent n. Note t h e  d i f f e r e n t  flow 
reqixes t h a t  evident ly r e f l e c t  chanqes i n  deformation mechanisms. 



t h e  t h r e e  because of t h e  narrower s t r a i n  r a t e  range impsed  by t h e  high-pressure 
f a u l t i n g  i n s t a b i l i t y  and t h i s  flow law may be contaminated by s u b t l e  t r a n s i t i o n a l  
behavior toward t h e  f a u l t i n g  behavior. 

Table 1. Flow law parameters f o r  i c e  a t  a confining pressure of 50 MPa 

loglOA n Q* V* 

Regime [MP~-"s- l ]  [ k ~  mol-l] [rn3 rnol-l] 
Duct i le  C -2.8 f 0.6 4.7 f 0.3 36 f 5 -- 

LOW T 
( 5  195 K) 

Ducti le  B 
Intermediate T 5.10 f 0.03 4.0 f 0.1 61 f 2 -(13*3) x 
(-195-240 K) 

Ducti le  A 11.8 * 0.4 4.0 f 0.6 91 f 2 -- 
High T 

4. I n t e r p r e t a t i o n  of t h e  d u c t i l e  flow regimes.- We have already reviewed i n  
another paper [I31 t h e  probable deformation mechanisms t h a t  con t ro l  t h e  rheologi- 
c a l  laws displayed by i c e  Ih. Regime B i s  probably t h e  b e s t  understood. The 
a c t i v a t i o n  energy f o r  c reep  Q* = 61 f 2 kJ mol-' is nearly i d e n t i c a l  with t h a t  f o r  
molecular H20 d i f fus ion  (66 k 13 kJ mole' [14] ) and so i s  s i m i l a r  t o  many power 
law mater ia l s  deformed a t  high temperature where d i s loca t ion  recovery processes 
dominate [12, 15, 161. Al te rna t ive ly ,  a diffusion-control led d i s loca t ion  g l ide  
process may be operat ing [12, 181. A t  higher temperatures, grain boundary 
processes evident ly a r e  involved s ince  t h e  t r a n s i t i o n  i n  a c t i v a t i o n  energies  
between regimes A and B do not  occur i n  s ing le -c rys ta l  t e s t s  117, 181. Liquid 
along gra in  boundaries t h a t  f a c i l i t a t e s  g ra in  boundary migration and i n t e r g r a i n  
i n t e r a c t i o n s  has been frequent ly c i t e d  a s  con t r ibu t ing  t o  t h e  higher a c t i v a t i o n  
energy i n  t h i s  regime ( s e e  reviews i n  [I71 and [18] ) .  The evidence of enhanced 
grain-boundary migration i n  our samples is  cons i s ten t  with t h i s  i n t e r p r e t a t i o n .  
Regime C i s  more d i f f i c u l t  t o  i n t e r p r e t .  Samples deformed under these  condit ions 
show c l e a r  evidence f o r  i n t e r n a l  deformation, a s  we noted e a r l i e r  i n  t h i s  paper. 
The higher  2 value and lower a c t i v a t i o n  energy may be more ind ica t ive  of s t r i c t l y  
gl ide-control led creep. Alternat ively,  t h e  apparent flow-law parameters may be 
merely t r a n s i t i o n a l  t o  those  appropriate  t o  lower temperatures which we could not 
explore because our t e s t s  were t runcated by t h e  shear i n s t a b i l i t y  phenomenon, The 
lack  of d e t a i l e d  knowledge of d i s loca t ion  and p i n t  defect  p roper t i es  a t .  t h e s e  low 
temperatures obviously hampers our understanding of the  flow propert ies  of i c e  Ih 
a t  low temperatures. 

5. Conclusions.- I c e  Ih displays a r i c h  var ie ty  of i n e l a s t i c  behavior a t  low t o  
intermediate  temperatures, behavior t h a t  stems from a range of deformation 
processes t h a t  a r e  p o r l y  understood. These exploratory experiments a r e  only a 
beginning i n  t r y i n g  t o  b e t t e r  understand t h e  rheology of t h i s  i n t r i g u i n g  mater ial  
a t  low temperatures. 
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