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Chapter 2 

DEFORMATION MECHANISMS IN ICE* 

L. W.  Gold 

Numerous observat ions on the c r e e p  of i ce  and i t s  dependence 
on tempera ture  and s t r e s s  have been  published i n  recent y e a r s  
(1-4) .  Attention has  been  directed,  pr imar i ly ,  to  determining 
the dependence of the steady- s ta te  c r e e p  r a t e  i n  the secondary 
c r e e p  stage to the constant applied load. Some invest igators  ' 
have considered deformation p r o c e s s e s  and their  possible re -  
lation to the observed c r e e p  behavior .  Glen a t t r ibutes  the ac- 
celerat ion that occu r s  i n  the t e r t i a ry  stage to recrys ta l l iza t ion  
(2 ,  5); and Steinemann h a s  shown that recrystal l izat ion will take  
place in  thin sect ions of granular  i c e  that h a s  been  strained m o r e  
than 2%. It h a s  been reported that the average g ra in  s ize of i c e  
that h a s  been severe ly  s trained i s  sma l l e r  than the average g r a i n  
s ize  before the load was applied (5,  6 ) .  These observat ions a r e  
s imi l a r  to those made on meta ls  deformed a t  high tempera tures .  

Shoumsky descr ibes  for  ice  s ix mechanisms of deformation and 
associa tes  each mechanism with the applied load and accompany- 
ing c r e e p  r a t e  ( 7 ) .  The f i r s t  four mechanisms,  which become 
important  i n  turn  a s  the c r e e p  r a t e  i nc reases ,  a r e  basal  s l ip  i n  
the single c rys ta l ;  slight d is turbances  of lat t ice,  gra in  growth, 
and grain-boundary migrat ion;  distort ion of the c rys t a l  la t t ice ,  
polygonization and p r imary  recrystal l izat ion;  in tercrys ta l l ine  
sliding accompanied by reduction i n  gra in  s ize and quite s e v e r e  
disruption of the or ig ina l  fabric .  At higher r a t e s  of s t ra in ,  f r ac -  
t u re  along p re fe r r ed  planes and perhaps  melting will occur.  

During the course  of experiments  on c rack  formation i n  i ce  
subject to a constant compress ive  load,  some information was  
obtained on the deformation mechanisms that occurred .  It i s  
the purpose of this  paper to desc r ibe  these mechanisms,  r e l a t e  
them to s imi lar  observat ions that have been made on ice and o ther  
ma te r i a l s ,  and d iscuss  their  significance with r e s p e c t  to the 

Xc This paper i s  a contribution f r o m  the Division of Building 
Resea rch  of the National Resea rch  Council of Canada and i s  
published with the approval  of the Director  of the Division. 



deformation behavior of ice .  This  will be done in four sect ions.  
The f i r s t  sect ion contains a descr ip t ion  of the ice  and the ex-  
per iments .  In the second sect ion the deformation mechanisms 
observed a r e  descr ibed  and d iscussed  brief ly.  The r e sponse  of 
a g ra in  to the applied load and the role  that  the deformation me- 
chanisms play in determining th i s  response  a r e  discussed i n  
the third section. Finally, deformation mechanisms a r e  d i s -  
cussed with r e spec t  to the observed  c r e e p  behavior ,  and some  
general izat ions on the behavior of ice  i n  ce r t a in  engineering 
problems a r e  presented .  

Description of Ice and Exper iments  

The ice  used in  the  exper iments  was made f r o m  deae ra t ed  tap 
water in  a galvanized tank about 26 inches in diameter  and 24  
inches deep. Two balloons were  placed under  a weighted plat-  
f o r m  a t  the bottom of the tank and filled with a i r .  This  a i r  was 
maintained a t  a constant p r e s s u r e  by connecting the balloons to 
a tube submerged i n  a column of ethylene glycol.  When cooled 
sufficiently, the  water  was seeded with fine- g ra in  snow spread  
densely enough to cover  the su r f ace  completely. As the water  
f roze ,  the change i n  volume forced  a i r  f r o m  the  balloons into 
the column of glycol.  Jn this  way the water  f roze  a t  a lmos t  con- 
s tan t  p r e s s u r e ,  t h e r e  being only a slight i n c r e a s e  with t ime  be- 
cause  the tension i n  the rubber  of the balloons decreased  a s  they 
deflated. 

A i r - f r ee  i ce  p la tes  up to 6 inches  thick could be produced with- 
out difficulty. Because  the f reez ing  was unidirect ional ,  the  ice 
had a columnar g r a i n  s t ruc tu re ,  the long ax i s  of the g r a i n s  being 
para l le l  to the d i rec t ion  of f reez ing .  Thin sect ions cut no rma l  
and para l le l  to the direct ion of freezing a r e  shown in Fig.  l a  and b. 

Fig. 1. Thin sec t ions  cut no rma l  
(a)  and para l le l  (b) to the d i r e c -  
tion of f reez ing  of columnar grained 
ice .  

It had been hoped that  seeding the water  with snow would en- 
s u r e  a random distr ibut ion in  the orientat ion of the c rys ta l lo-  



graphic  c - a x i s  of the  g r a i n s ;  but b e c a u s e  i c e  g rows  m o r e  read i ly  
perpendicu la r  to the  c - a x i s  than p a r a l l e l  to i t ,  t h i s  random d is -  
t r ibut ion was not obtained.  Within 2  c e n t i m e t e r s  of the  seeded 
s u r f a c e  t h e r e  was a  m a r k e d  tendency f o r  the c - a x i s  to  be per -  
pendicular  to the d i rec t ion  of growth.  Observa t ions  on  100 g r a i n s  
of a  s p e c i m e n  cut  a t  l e a s t  5  c e n t i m e t e r s  f r o m  the  seeded  sujrface 
showed that  40% had the i r  c - a x i s  be tween  85" and 9 0 "  to the 
growth d i r e c t i o n ,  2970 had the i r  c - a x i s  between 75" and 85" , and 
the r e m a i n d e r  between 60"  and 75" .  The b a s a l  plane had t h e r e -  
f o r e  a  p r e f e r r e d  o r ien ta t ion  p a r a l l e l  to  the  long a x i s  of the co- 
l u m n a r  g r a i n s ,  but a  r a n d o m  or ien ta t ion  in the plane perpendicu la r  
to the f reez ing  d i rec t ion .  Because  of the  p r e f e r r e d  d i rec t ion  of 
g rowth ,  the  g r a i n s  w e r e  slightly t a p e r e d ,  and the a v e r a g e  g r a i n  
s i z e  i n c r e a s e d  gradual ly  i n  the d i r e c t i o n  of g rowth .  Ice p r e p a r e d  
by th i s  technique h a s  a n  a v e r a g e  g r a i n  d i a m e t e r  between 1.50 and 
7.0  m i l l i m e t e r s .  

Observa t ions  w e r e  m a d e  on  r e c t a n g u l a r  blocks of two s i z e s :  
5-by- 10-by-25-cm and 2.5-by-5-by-  1 5 - c m .  The b locks  w e r e  
cut s o  tha t  the long a x i s  of the  g r a i n s  was  perpendicu la r  to e i t h e r  
the 10-by-25-cm o r  the  5- by- 1 5 - c m  f a c e .  All  the t e s t  p ieces  
w e r e  p r e p a r e d  f r o m  i c e  f r o m  which the  upper 2  c e n t i m e t e r s  con- 
taining the t r a n s i t i o n  r e g i o n  a s s o c i a t e d  with the  f r e e z i n g  tech- 
nique had been  r e m o v e d .  

E x p e r i m e n t s  

The au thor  h a s  shown that  when a  c o m p r e s s i v e  s t r e s s  i s  ap- 
plied perpendicu la r  to the  long a x i s  of the  g r a i n s  i n  co lumnar  
mul t ig ra ined  i c e ,  the  c r a c k i n g  ac t iv i ty  tha t  r e s u l t s  depends on  
the appl ied s t r e s s  and the  s t r u c t u r e  ( 8 ) .  Because  of the d e g r e e  
of de format ion  that  o c c u r r e d  dur ing  the e a r l y  e x p e r i m e n t s ,  no 
conclusions  could be s t a t e d  regard ing  the dependence of the di-  
r ec t ion  of the  c r a c k  on  the  c r y s t a l l o g r a p h i c  o r ien ta t ion  of the  
g r a i n  i n  which i t  f o r m e d .  Two s e t s  of e x p e r i m e n t s  w e r e  designed 
to inves t iga te  th i s  dependence.  

In one  s e t ,  the  2.5- by- 5- by- 15- c m  b locks  w e r e  submerged  i n  
k e r o s e n e  i n  a  hor izon ta l  posi t ion and a  c o m p r e s s i v e  load was 
applied to the  2 . 5 - b y - 5 - c m  f a c e s .  S u r f a c e  f e a t u r e s  tha t  would 
normal ly  be r e m o v e d  by evapora t ion  if exposed to a i r  were  p re -  
s e r v e d  i n  th i s  way. Observa t ions  w e r e  made  o n  the  i c e  with a  
m i c r o s c o p e  during deformat ion .  T h r e e  e x p e r i m e n t s  of th i s  kind 
w e r e  c a r r i e d  out,  with l o a d s  between 5  and 9  kg /cm2 applied 
for  60 to 100 h o u r s .  T h e s e  e x p e r i m e n t s  will be r e f e r r e d  to a s  
the  "kerosene  e x p e r i m e n t s .  I '  

In the  second s e t  of e x p e r i m e n t s ,  a  c o m p r e s s i v e  load was 
applied to the  5-by- 1 0 - c m  f a c e s  of the  5-by- 10-by- 20- c m  b l o c k s ,  



just long enough for  about 10 c r a c k s  to fo rm.  The ice was  then 
removed and sectioned para l le l  to the 10-by- 20- c m  face .  The 
c rys ta l lographic  or ientat ion of the gra ins  i n  which the c r a c k s  
formed was de te rmined  using Higuchi ' s  technique (9) .  Although 
these  exper iments  gave in format ion  on the dependence of c r a c k  
format ion  on c rys ta l lographic  or ientat ion,  t he i r  p r imary  pu r -  
pose was to invest igate  the dependence on the applied s t r e s s  of 
the t ime  to format ion  of the f i r s t  c r a c k s .  

In the  second s e t  of expe r imen t s  c r e e p  was  measu red  with a 
spec ia l  ex tensometer  with a gauge length of 15 cen t ime te r s  and 
sensi t ivi ty  of about 2.5 X s t r a i n  units.  The c r e e p  that  oc- 
c u r r e d  during these  t e s t s  was  always l e s s  than  0.170. 

Observat ions on the deformat ion  mechan i sms  were  made  during 
the cou r se  of the exper iments  just  descr ibed  and the e a r l i e r  ex- 
pe r imen t s  by Gold. All the exper iments  w e r e  ca r r i ed  out a t  a 
t empe ra tu re  of -9.5 * 0.5' C.  P a p e r s  that de sc r ibe  in de ta i l  the 
observat ions of t he  dependence of c r a c k  format ion  on t ime  and 
on c rys ta l lographic  or ientat ion a r e  being prepared .  

Descript ion of the Deformat ion  Mechanisms  

Sl ip Bands 

The format ion  of s l i p  bands r equ i r e s  a l i t t l e  comment  because  
i t  i s  such  a f ami l i a r  fea ture  of the deformat ion  of so l ids ,  p a r -  
t icular ly of meta l s .  In the ke rosene  exper iments ,  the bands  be- 
c a m e  vis ible  within 1/2 hour  a f t e r  the application of a load of 

'about 5 .5kg/cmZ.  At this t ime  the s t r a i n  did not exceed 0.5 by 
With t ime ,  the  bands became  m o r e  dis t inct .  Typica l  ex- 

amp le s  can  be  s een  in  F ig s .  2 and 3. 

Fig. 2. Evidence of s l i p  
on p r i sma t i c  planes. Note 
c r a c k  a t  t r i p l e  point. 

,Near the i r  melt ing points s ingle  c ry s t a l s  with hexagonal sym- 
m e t r y  usually de fo rm by s l i p  on the ba sa l  and pr i smat ic  planes.  
Nakaya ( l o ) ,  Steinemann (1  I ) ,  and Glen and P e r u t z  (12) h a v e  
observed  that  for  i c e ,  s l i p  o c c u r s  predominant ly on the b a s a l  



Fig.  3. Grain-boundary mi-  
g ra t ion .  (a)  Observed  5 1/2 
hours  af ter  the application 
of a  compress ive  load of 
5 kg / cm2 .  (b) Same  si te  
61 h o u r s ,  40 minutes  af ter  
the application of the load. 
I n se r t  A locates  a r e a  shown 
i n  Fig.  3a. 

plane and that l i t t le  o r  no evidence h a s  been found of s l ip  on the  
p r i sma t i c  planes. This  conclusion i s  supported by observat ions 
made  in  the kerosene  exper iments .  In one exper iment ,  however ,  
evidence observed  a t  the sur face  of two g ra in s  suggested that 
glide on p r i sma t i c  planes had o c c u r r e d .  The spec imen was sub- 
ject to a  load of about 8 kg / cm2 .  F igu re  2 shows one of these 
sur face  f ea tu r e s ,  photographed about 30 hou r s  a f t e r  the applica- 
tion of the load. Notice that this  f ea tu r e  i s  confined to the t r i p l e -  
point reg ion  and assoc ia ted  with grain-boundary and s l ip- l ine 
d i s tor t ion ,  suggesting a  high loca l  s t r e s s .  A s i m i l a r  assoc ia -  
tion h a s  been  found by Hauser  and o t h e r s  (13) for  the  occu r r ence  
of s l ip  on pr i smat ic  planes i n  magnes ium.  The second evidence 
of p r i sma t i c  s l i p  was  the  s a m e  a s  the f i r s t ,  except  that i t  was  
observed immediately a f te r  the load was removed,  on a  face 
para l le l  to  the long ax is  of the g r a in s .  The second feature was  
not assoc ia ted  with a  t r ip le  point a s  w a s  the f i r s t ,  but there  was  
evidence of deformation normal  to the  sur face .  

It would appear  that  nea r  the melt ing point the loading conditions 
requi red  to cause p r i sma t i c  s l ip  i n  i c e  mus t  be v e r y  special .  It 
was  a s sumed ,  t he r e fo re ,  that the s l i p  l ines  define the t r ace  of 
the basa l  plane a t  the i c e  sur face .  The s l ip  bands can  thus be 
used to de te rmine  the plane containing the c r y s t a l l o g r a p k c  c- 
d i rec t ion  but not the angle between th i s  d i rec t ion  and the i c e  
sur face .  

In Fig.  2 ,  only the f e a t u r e s  r a i s e d  above the i c e  surface a r e  
considered evidence of p r i smat ic  s l ip .  The sho r t  l ines  not a s -  



sociated with a r a i sed  feature were  observed quite often and will 
be  discussed fur ther  under subboundary formation. 

Grain- Boundarv Migration 

Grain-boundary migrat ion was one of the  f i r s t  signs of change 
i n  the grain-boundary configuration. An example of this i s  shbwn 
i n  Fig. 3a; the direct ion of compress ive  s t r e s s  i s  paral lel  to the 
long direct ion of the photographs. The f i r s t  evidence of boundary 
movement was observed about 1/2 hour a f te r  the  application of 
the load, when the c r e e p  s t r a in  was l e s s  than 0.05%. 

The degree to which boundaries  etch in  successive positions 
shows that migra t ion  must  occur quite rapidly, and that boundaries 
r e m a i n  stationary i n  their  new positions for  some t ime.  Th i s  ob- 
serva t ion  i s  i n  agreement  with tha t  made on  o ther  ma te r i a l s  on 
the migrat ion of boundaries  under s t r e s s  (14). 

Prac t ica l ly  every  boundary observed showed evidence of mi- 
grat ion.  In some  c a s e s  the boundaries  became very i r r e g u l a r  
(Fig.  4b). In experiments  on the  c reep  of i c e  beams,  Krausz  
(15) h a s  observed c a s e s  of g ra ins  that were  completely consumed 
by the i r  neighbors, although no example of t h i s  was observed  in 
the kerosene  experiments .  

Fig.  4. Small- angle boundary. 
(a)  5 hours  a f t e r  application 
of load of 9 kg/cm2.  Compres-  
s ive s t r e s s  para l le l  to long 
direct ion of photograph. (b)  
The same a r e a  70 hours ,  25 
minutes a f te r  the application 
of the load. Shadow i n  upper 
right -caused by internal  c r ack .  
Note sma l l  sur face  c racks .  
Inser t  A l oca t e s  a r e a  shown 
i n  Fig. 3a. 



Smal l -  Angle B o u n d a r i e s ,  Kink Bands  

Smal l -ang le  boundar ies  were  o b s e r v e d  to  f o r m  i n  the k e r o s e n e  
e x p e r i m e n t s  before  deformat ion  had exceeded 17'0, These bound- 
a r i e s  w e r e  a lways  perpendicu la r  to the  s l i p  bands  dur ing  the 
e a r l y  s t a g e s  of de format ion .  A s  the deformat ion  i n c r e a s e d ,  i t  
b e c a m e  c l e a r  that i n  s o m e  c a s e s  they were  a s s o c i a t e d  with the 
fo rmat ion  of kink bands .  Kink b a n d s ,  f i r s t  r e p o r t e d  by Orowan 
(16) ,  a r e  a  f a m i l i a r  f e a t u r e  i n  the deformat ion  of s o m e  m e t a l s ,  
p a r t i c u l a r l y  those  with a  hexagonal s y m m e t r y  (17) .  The i r  fo r -  
mat ion  i s  a  m e c h a n i s m  by which a  bending m o m e n t ,  t r a n s v e r s e  
to the s l i p  d i rec t ion ,  c a n  be re l i eved  i n  c r y s t a l s  wi th  only one o r  
two poss ib le  s l i p  d i r e c t i o n s .  Dis locat ions  g e n e r a t e d  by the defor -  
mat ion  a r e  a b s o r b e d  a t  the  smal l -angle  boundar ies  separa t ing  t h e  
bands.  Th is  c a u s e s  a  s l igh t  d i f fe rence  between the o r ien ta t ion  
of the  g r a i n s  on e i the r  s i d e  of the boundary,  the  d i f fe rence  in-  
c r e a s i n g  with deformat ion .  An e x a m p l e  observed  i n  the kero-  
sene  e x p e r i m e n t s  i s  shown i n  F ig .  4 ,  where  the  appl ied load w a s  
9 k g / c m 2 .  

G e r v a i s  and o t h e r s  (1  8) have shown that  i n  high- pur i ty  a lumi-  
num the plane of kinking b i s e c t s  the angle  between the  s l i p  p l a n e s  
on  e i the r  s i d e  of the kink boundary,  and that  the l i n e  of i n t e r -  
sec t ion  of the  lcink plane and the s l i p  p lanes  i s  pe rpendicu la r  to 
the s l i p  d i rec t ion .  Rotat ion a s s o c i a t e d  with the  change i n  o r i e n -  
ta t ion a c r o s s  the plane of kinking i s  about  the l ine  of i n t e r s e c t i o n .  
Because  of the  co lumnar  s t r u c t u r e  of t h e  i c e  used  i n  the exper i -  
m e n t s  and t h e  b i a s  i n  the  c rys ta l lograph ic  o r ien ta t ion ,  t h i s  l ine 
of i n t e r s e c t i o n  would tend to be p a r a l l e l  to  the long a x i s  of the  
g r a i n s .  Subboundary and lcink band f o r m a t i o n ,  t h e r e f o r e ,  prob-  
ably involve the  whole g r a i n  and not jus t  the p a r t  o b s e r v e d  a t  
the s u r f a c e .  Th is  w a s  p roved  by o b s e r v i n g ,  with po la r ized  l igh t ,  
thin s e c t i o n s  cu t  pe rpendicu la r  to  the  long a x i s  of the  g r a i n s  f r o m  
the c e n t e r  of a  d e f o r m e d  t e s t  p iece .  Since t h e r e  i s  a  slight change 
in  o r ien ta t ion  a t  the  plane of kinking, t h e  kink b a n d s  show up v e r y  
c l e a r l y  under  po la r ized  l ight ,  a s  m a y  b e  s e e n  i n  F i g .  5. Higuchi '  s  

F i g .  5 .  Thin s e c t i o n s  perpen-  
d i c u l a r  ( a )  and p a r a l l e l  (b) to 
the long a x i s  of c o l u m n a r  
g r a i n e d  i c e  d e f o r m e d  about 
6% by a  c o m p r e s s i v e  load of 
9 k g / c m 2 .  Note evidence of 
kink band fo rmat ion  i n  sect ion 
perpendicu la r  to  the  long ax i s  
of the  g r a i n s .  



technique was used to  show that the boundaries of the bands a r e  
approximately perpendicular to the basal  plane. 

In Fig. 5 i t  may be seen  that  in  some c a s e s  the kink band fea- 
t u r e s  a r e  continuous and can  be t raced  through a number of grains,  
c lear ly  demonstrat ing how the mode of deformation of one gra in  
can be  strongly influenced by that  of i t s  neighbor. 

In some g ra ins ,  the bending moment was not relieved by the 
formation of small-angle boundaries  o r  kink bands. In these  
c a s e s  the s l ip  plane developed a marked curvature ,  the reg ion  
of curva ture  often having a rough appearance,  with numerous  
shor t  line fea tures  perpendicular to the curved sl ip l ines.  Ex- 
amples  of curved s l i p  l ines and shor t  line fea tures  can be  s e e n  
in F igs .  2, 3b, and 6. The sho r t  l ines appear  to be shor t  small-  
angle boundaries. 

Distortion of Gra in  Boundaries  

A s  the deformation increased ,  the  boundaries  of most  g ra ins  
became severe ly  distorted.  Examples of th is  a r e  shown in  Figs. 
4b and 6a and b. Severe  distort ion of the g ra in  boundary regions 
h a s  been  considered evidence of fragmentat ion.  Suiter and Wood 
(19) and Ramsey (20) considered that the continuous background 
that they observed i n  their  X r a y s  of deformed magnesium and 
and zinc,  respect ively,  was due to such debr is .  The upper and 
lower boundaries of the cen t r a l  gra in  in Fig. 6a  do appear  t o  be 
i n  a fragmented condition. 

Fig. 6 .  Examples of gra in-  
boundary distort ion.  ( a )  
Photograph taken 30 hour s  
and 45 minutes af ter  appli- 
cation of load of 9 kg/crn2.  
(b) photograph taken 33 
hours  and 45 minutes a f t e r  
application of load of 
9 kg/cm2. 



Close examination of some deformed boundaries i n  the kero-  
sene experiments  showed cel l  formation by the orthogonal sys-  
tem of sllplines and subboundaries with subsequent relative ro-  
tation. At some s i tes  the s l ip planes on two adjacent  grains 
were so orientated that the boundary developed s t eps  and had 
the appearance of a s ta i rcase .  At other  s i tes ,  the constraints  
a t  the boundary were  such that sma l l  c r acks  developed. Some 
boundaries had a na r row region that appeared to be highly dis-  
turbed (Fig.  6 ) .  F o r  the tempera ture ,  deformation r a t e s ,  and 
duration of load used in the exper iments ,  the s l ip  planes and 
subboundaries observed retained their  identity during deforma- 
tion. No surface evidence of recrys ta l l iza t ion  was observed. 

Crack  Format ion  

One of the interest ing deformation fea tures  observed  was that 
of c r a c k  formation. E a r l i e r  work had shown that for the ice  
s t ruc ture  symmet ry ,  tempera ture ,  and load geometry  used,  
these c racks  can be ei ther  in tercrys ta l l ine  o r  t ranscrys ta l l ine ;  
they propagate in  the direct ion of the long axis  of the grain; and 
their  plane tends to be paral lel  to the direct ion of s t r e s s  (8). 
Subsequent observat ions have shown that the t ime to formation 
of the f i r s t  c r acks  h a s  a n  approximate logari thmic dependence 
upon the applied s t r e s s ;  that c r a c k  formation i s  r a r e  during the 
p r imary  c r e e p  stage for  s t r e s s e s  below about 6 kg/cm2;  and 
that the t ranscrys ta l l ine  c racks  tend to be ei ther  para l le l  o r  pe r -  
pendicular to the basa l  plane. 

Many invest igators  now consider  that  for a l l  c a s e s  where c r a c k  
formation i s  t ime dependent a s  well a s  s t r e s s  dependent, the 
c racks  nucleate a t  s i t e s  where the moving dislocat ions assoc ia ted  
with the c r e e p  p rocess  a r e  blocked. At these s i t e s  the s t r e s s  
resul t ing f r o m  blocked dislocations inc reases  until i t  exceeds 
the local  s trength of the mater ia l .  Since the movement of dis- 
locations i s  along p re fe r r ed  planes in  the c rys t a l ,  i t  i s  to be ex- 
pected that c r ack  formation will be re la ted  to crystal lographic 
orientation, There  i s  now considerable exper imenta l  evidence 
supporting this hypothesis.  An excel lent  review of cur rent  think- 
lng on c r a c k  formation can  be found i n  the Proceedings of the 
International Conference on F r a c t u r e  held in  Swampscott,  Massa -  
chuset ts  (2 1) .  

In the exper iments  where  load was applied only long enough 
for about 10 c racks  to f o r m ,  and then the ice  sectioned and the 
crystal lographic orientat ion of the g r a i n s  de termined by the 
technique of Higuchi, 132 c racks  were  studied. Sixty- seven qc 
of the c r a c k s  were  t ranscrys ta l l ine  and the r ema inde r  in ter -  
crystal l ine.  The sur face  t r a c e  of 3170 of the c r a c k s  was ob- 



served  to be para l le l  to the sur face  t race  of the basal  plane; that 
of 15% was perpendicular to the t r a c e  of the basa l  plane; that of 
9% was either perpendicular o r  paral lel ;  that  of 12% was neither. 
F igure  7a i s  a n  example of a c r a c k  whose sur face  t r ace  i s  paral lel  
to the basa l  plane. 

Fig. 7. Cracks  during deformation. (a )  Example of c r a c k  
whose sur face  t r a c e  i s  para l le l  to the basa l  plane. The 
etch pits were  formed using the technique of Higuchi. (b) 
Example of t ranscrys ta l l ine  c r a c k  formation observed 
6 1/2 hours  a f te r  the application of a compress ive  load 
of 9 kg/cm2. Direct ion of load para l le l  to long edge of 
photograph. (c)  Same s i te  as Fig. 7b, 45 hour s  la te r .  
Inser t  A loca tes  a r e a  shown in  Fig.  7b. (d)  Crack in- 
volving a combination of g ra ins  and gra in  boundaries. 
Compress ive  s t r e s s  para l le l  to the long dimension of the 
photograph. 

In the kerosene  exper iments  i t  was possible to observe the  
c r a c k s  during deformation. F igu re  7b i s  a n  example of a c r a c k  
involving two g ra ins .  In one i t  is para l le l  to the  basal  plane and 
i n  the second, perpendicular .  F igu re  7c i s  the same c r a c k  45 
hour s  l a t e r .  Note the subboundaries that have formed i n  a s -  
sociation with the deformation. Note a l so  that  although the crack  
h a s  opened considerably,  l i t t le  if any grain-boundary sliding has 



occu r r ed .  Accommodation between g ra in s  i s  assoc ia ted  r a the r  
with s l ip  along basa l  p lanes  and grain-boundary migra t ion .  Fig- 
u r e  7c i s  a good example  of how the ini t ia l  dependence of c r a c k  
format ion  on c rys ta l lographic  or ien ta t ion  can  be  masked  by the 
deformation.  

Many c r a c k s  involved only one gra in .  In these  c a s e s  one edge 
of the c r a c k  would often be a t  the  g r a i n  boundary. If the c r a c k  
involved m o r e  than one g ra in ,  i t  would usual ly change d i rec t ion  
abrupt ly a t  the g r a i n  boundary so  a s  to be e i ther  pa r a l l e l  o r  pe r -  
pendicular  to  the ba sa l  plane. If the c r a c k  was not e i ther  pa r a l -  
l e l  o r  perpendicular  to t he  basa l  plane,  i t  tended not to propagate  
very  f a r  into that g r a i n  and was  usual ly i r r e g u l a r ,  some t imes  
showing a tendency to cu rve  into the ba sa l  plane. 

In s o m e  c a s e s  the c r a c k  geomet ry  was  quite complex,  involv- 
ing a number of g r a in s .  F o r  even t he se  c a s e s ,  a dependence of 
c r a c k  format ion  on c rys ta l lographic  or ientat ion c a n  be observed  
for  mos t  of the g r a in s  involved. An example  i s  shown in  Fig. 
7d, where  the  c r a c k  h a s  propagated along the g r a in  boundary 
and into t h r e e  neighboring gra ins .  In one c a s e  the c r ack  i s  per -  
pendicular  to the ba sa l  plane,  i n  a second,  para l le l .  In a l l  the 
photographs shown i n  F ig .  7, the  c r a c k  i s  viewed approximately 
para l le l  to i t s  plane and no rma l  to the  sho r t  d i rec t ion .  

Cavi t ies  

A deformat ion  f ea tu r e  that h a s  r ece ived  at tent ion la tely i s  the 
format ion  of in te rna l  cav i t ies  (22,  23).  These  cav i t ies  a r e  
usual ly observed  a t  g r a i n  boundaries  o r  a t  the  i n t e r  sect ion of 
s l i p  p lanes  o r  s l i p  p lanes  and subboundaries  of m e t a l s  deformed 
i n  tension.  One poss ib le  mechan i sm of the i r  f o rma t ion  i s  con- 
s idered  to b e  the coa lescence  of mic roscop ic  ho les  ei ther  i n  the 
m a t e r i a l  to begin with o r  genera ted  dur ing  c r eep .  The re  i s  evi- 
dence that  cav i t ies  c a n  s e r v e  a s  nuclei  f r o m  which c r a c k s  c a n  
develop. 

Cavi t ies  we re  ea s i l y  vis ible  a t  a magnif icat ion of about 10 X - 
before  the c r e e p  s t r a i n  ha s  ex- 
ceeded 3% under  a compres s ive  
load of about 8 kg / cm2 .  The 
cav i t i e s  we re  i n  t he  region of 
g r a i n  boundar ies ,  grain-  bound- 
a r y  t r i p l e  points ,  and the i n t e r -  
s ec t i on  of s l i p  p lanes  and sub- 
boundar ies .  Some t imes  cavi ty 
fo rma t ion  was  g r e a t  enough to  
f o r m  a continuous column. Such 

Fig.  8. Cavity fo rma t ion  i n  a co lumn,  with cav i t ies  in  the  
mult igrained ice .  background i s  shown in Fig. 8. 



Recovery  and Re c rys ta l l i za t ion  

Although t h e r e  was  no su r f ace  evidence of r ec rys t a l l i z a t i on  
during deformat ion  fo r  the t e m p e r a t u r e ,  c r e e p  r a t e s ,  and per iods  
of  loading used  i n  t he  expe r imen t s ,  evidence of recovery  and  re-  
c rys ta l l i za t ion  was observed  to occu r  a t  the  su r f ace  and internal ly 
a f t e r  the  load had been  removed.  F igure  9 shows for  the s a m e  
reg ion  shown i n  F ig .  3 the grain-boundary r ea r r angemen t  tha t  
o c c u r r e d  a f t e r  tho load  had been  removed.  Note the i r r e g u l a r  

Fig.  9 .  Recrys ta l l i za t ion  and poly- 
gonizat ion a t  the s a m e  s i t e  a s  i n  F ig .  
3. The r e a r r a n g e m e n t  of g r a in  bound- 
a r i e s  o c c u r r e d  a f t e r  t h e  load had b e e n  
removed ( to ta l  deformat ion  about  2.570).  

g r a i n  boundar ies  and polygonization a s soc i a t ed  with t he se  i r -  
r egu l a r i t i e s ;  note a l s o  the subboundary tha t  t e rmina t e s  a t  a 
s l i p  plane fea ture  i n  the g r a in  i n  t he  lower  left-hand c o r n e r .  
The i c e  was etched by i m m e r s i n g  i n  ke rosene .  

Thin  sec t ions  cu t  f r o m  i c e  deformed 70 o r  m o r e  hou r s  unde r  
loads  between 5 and 10 kg/cmz showed ex tens ive  r ec rys t a l l i z a -  
t ion. This  m a y  be  s een  by compar ing  F ig s .  1  and 5. The thin 
sec t ions  cut  pa r a l l e l  to the long a x i s  of the  g r a i n s  show c l e a r l y  
a  tendency fo r  the co lumnar  s t r u c t u r e  to be t r ans fo rmed  in to  a  
g r anu l a r  one. F i g u r e  5 shows a l s o  that r ec rys t a l l i z a t i on  a p p e a r s  
to  b e  p r imar i l y  a s soc i a t ed  with the gra in-boundary  region.  No 
evidence was obtained to show tha t  r ec rys t a l l i z a t i on  o c c u r r e d  
dur ing  o r  a f t e r  deformat ion .  It i s  quite poss ib le  that  the evidence 
for  r ec rys t a l l i z a t i on  b e a r s  the s a m e  re la t ionsh ip  to  condit ions 
during deformat ion  a s  F ig .  9 d o e s  to F ig .  3. 

Unusual C r e e ~  Behavior  

Gold observed  t ha t  for  the  i c e  and condit ions of loading used  
i n  c o m p r e s s i v e  c r e e p  e x p e r i m e n t s  a n  ini t ia l  i nc r ea s ing  c r e e p  
r a t e  with t i m e  was  s o m e t i m e s  obse rved  (8). This  obse rva t i on  
h a s  been  conf i rmed by subsequent  expe r imen t s  on c r e e p  under  
compres s ive  load and by invest igat ions by K r a u s z  (The c r e e p  
of i c e  i n  bending. Repor t  i n  p r epa ra t i on ) ,  who has  studied some 



of the  f e a t u r e s  of th i s  behav ior  m a n i f e s t  i n  the  deformat ion  of 
i c e  b e a m s .  

S i m i l a r  behavior  h a s  b e e n  r e p o r t e d  f o r  i c e  s ing le  c r y s t a l s  
( 1  12,  24).  F o r  s ing le  c r y s t a l s  the  effect  ex tends  over  defor -  
mat ion  of s o m e  10 to  20%; f o r  mul t ig ra ined  i c e  the  effect i s  a s -  
sociated with the  p r i m a r y  c r e e p  s t a g e ,  and i s  comple ted  b e f o r e  
deformat ion  h a s  exceeded  0.570 under  the  condi t ions  of loading 
used.  The unusual  behav ior  i s  i r r e v e r s i b l e .  On subsequent  r e -  
loading,  the  c r e e p  c u r v e  i s  of t h e  n o r m a l  type. With repea ted  
loading and a s s o c i a t e d  deformat ion ,  the  o b s e r v e d  c r e e p  c u r v e  
b e c o m e s  m o r e  r e p r o d u c i b l e  a s  long a s  loading condi t ions  a r e  
iden t ica l  and c e r t a i n  r e s t r i c t i o n s  a r e  placed o n  t h e  r e c o v e r y  
t ime .  An example  of the  unusual  c r e e p  behavior  a n d  the c r e e p  
behavior  o b s e r v e d  o n  subsequent  re load ing  i s  shown i n  Fig.  10. 

I I I 
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T I M E ,  M I N  

Fig. 10.  Unusual  c r e e p  behav ior  of i c e .  

R e s ~ o n s e  of a  G r a i n  to  a n  Applied Load  

Taylor  (25)  h a s  pointed out tha t  the deformat ion  o f  a  c r y s t a l  
c a n  b e  comple te ly  d e t e r m i n e d  by m e a s u r i n g  the s t r a i n  i n  s ix  
independent  d i r e c t i o n s .  If the  vo lume r e m a i n s  cons tan t  dur ing 
d e f o r m a t i o n ,  t h e s e  r e d u c e  to f ive .  F r o m  th i s  he  d e d u c e s  tha t  
a  c r y s t a l  c a n  b e  d e f o r m e d  a t  cons tan t  vo lume into  a n y  a r b i t r a r y  
shape a s  long a s  s l i p  c a n  o c c u r  i n  f ive  independent  d i rec t ions .  
It would be expected tha t  a n  a g g r e g a t e  of such  c r y s t a l s  could be 
deformed  and contact  maintained b e t w e e n  the c r y s t a l s  without 
int roducing m a j o r  d i s o r d e r  i n  the  boundary  r e g i o n s .  If the num- 
b e r  of o p e r a t i v e  independent  s l i p  d i r e c t i o n s  i s  l e s s  than  f ive ,  
loca l  s t r e s s e s  tha t  oppose  the appl ied s t r e s s  will  deve lop  owing 
to the  c o n s t r a i n t s  i m p o s e d  by n e i g h b o r s .  T h e s e  c o n s t r a i n t s  a r e  
probably t h e  m a i n  s o u r c e  of the  i n c r e a s e  i n  the r e s i s t a n c e  to  de-  
f o r m a t i o n  of a n  a g g r e g a t e  o v e r  i t s  cons t i tuen t  c r y s t a l s .  



F o r  the  exper iment - s  on  mul t ig ra ined  i c e  d e s c r i b e d  i n  t h i s  
p a p e r ,  the load w a s  applied perpendicu la r  to t h e  long a x i s  of the 
g r a i n s .  T h e r e  w a s  a  s t rong  p r e f e r e n c e  f o r  t h e  basa l  p lanes  of 
the g r a i n s  to b e  p a r a l l e l  to th i s  a x i s .  T h i s  r e s u l t e d  i n  d e f o r m a -  
t ion t h a t  was  p redominan t ly  two-d imens iona l ,  the  c r e e p  i n  the  
d i r e c t i o n  of t h e  long a x i s  of t h e  g r a i n s  being m u c h  s m a l l e r  than 
tha t  pe rpendicu la r  to i t  (8) .  F o r  two-d imens iona l  d e f o r m a t i o n  
of t h i s  c h a r a c t e r ,  t h e  r e q u i r e m e n t  postulated by Taylor  of f ive  
independent  d i r e c t i o n s  i n  which s l i p  c a n  o c c u r  i s  reduced  to two, 
t h e s e  being i n  the plane of the  deformat ion .  

Ice  h a s  only one effect ive s l i p  plane,  and r e s i s t a n c e  to s l i p  
within th i s  plane i s  independent  of d i r e c t i o n  (11 ,  12,  26) .  T h e r e  
i s ,  t h e r e f o r e ,  only one s l i p  d i r e c t i o n  ava i lab le  to e a c h  c o l u m n a r  
g r a i n  f o r  the  loading condi t ions  u s e d .  As the i c e  i s  d e f o r m e d ,  
the  inabi l i ty  of the g r a i n s  to c o n f o r m  to  t h i s  de format ion  m u s t  
r e s u l t  i n  l o c a l  s t r e s s e s  be tween  g r a i n s .  The  deformat ion  mecha-  
n i s m s  tha t  h a v e  b e e n  d e s c r i b e d  a r e  the ways  b y  which a  g r a i n  
r e s p o n d s  to t h e s e  l o c a l  s t r e s s e s .  They r e p l a c e  the second in- 
dependent  s l i p  d i r e c t i o n  tha t  a  c o l u m n a r  g r a i n  r e q u i r e s  to under -  
go a n  a r b i t r a r y  change i n  shape  i n  the  p lane  perpendicu la r  t o  i t s  
long d i r e c t i o n .  

The f i r s t  r e s p o n s e  of i c e  to  a n  applied s t r e s s  i s  an e l a s t i c  
d e f o r m a t i o n  tha t  a p p a r e n t l y  invo lves  the  m o v e m e n t  of d i s l o c a -  
t ions .  Evidence f o r  t h i s  c a n  b e  found i n  the  o b s e r v a t i o n s  of 
B r y a n t  and M a s o n  (27)  and Gold (28) .  T h i s  i s  followed by non- 
r e v e r s i b l e  s l i p  with a s s o c i a t e d  movement  of d i s loca t ions ,  c r e a -  
t ion  of d i s loca t ion  genera t ing  s o u r c e s ,  and e s t a b l i s h m e n t  of s l ip  
z o n e s  o r  bands .  T h e  i m p e r f e c t i o n s  p r e s e n t  in i t ia l ly  i n  the  s t r u c -  
t u r e ,  o r  genera ted  subsequent ly ,  will  m i g r a t e  i n  s u c h  a  d i r e c -  
t ion a s  to  r e d u c e  t h e  l o c a l  s t r e s s e s  developed i n  g r a i n s  by the 
cons t ra in ing  ac t ion  of n e i g h b o r s .  In c a s e s  w h e r e  the a p p r o p r i a t e  
bending m o m e n t  i s  e s t a b l i s h e d ,  subboundar ies  and kink b a n d s  
wil l  b e  f o r m e d .  If the  d i s l o c a t i o n s  a r e  not a b s o r b e d  a t  the  sub- 
b o u n d a r i e s  and a r e  not blocked i n t e r n a l l y ,  they  will m i g r a t e  into 
the  g r a i n - b o u n d a r y  reg ion .  

O b s e r v a t i o n s  ind ica te  t h a t  s l i p  and subboundary ,  kink band  
f o r m a t i o n  o r  bending a r e  suf f ic ien t  to a l low t h e  c e n t r a l  p a r t  of 
a  g r a i n ,  but not the  boundary r e g i o n ,  to c o n f o r m  to the  i m p o s e d  
deformat ion .  The s o m e t i m e s  ex tens ive  r e o r g a n i z a t i o n  of t h e  
s t r u c t u r e  that  o c c u r s  in  t h i s  r e g i o n  s u g g e s t s  t h a t  m o s t  of t h e  
accommodat ion  t h a t  m u s t  b e  m a d e  between g r a i n s  dur ing  defor -  
mat ion  t a k e s  p lace  h e r e .  Thc  f i r s t  s ign of t h i s  r e o r g a n i z a t i o n  
i s  e r a i n - b o u n d a r y  m i g r a t i o n .  T h e  combina t ion  of g r a i n - b o u n d a r y  
m i g r a t i o n  and s l i p  i s  often suf f ic ien t  in i t ia l ly  to sa t i s fy  t h e  defor-  
mat ion  r e q u i r e m e n t s  of s o m e  b o u n d a r i e s  for  the  i c e  u s e d  ( F i g .  
3).  As d e f o r m a t i o n  i n c r e a s e s ,  g r e a t e r  r e o r g a n i z a t i o n  s u c h  a s  
c e l l  f o r m a t i o n  i s  r e q u i r e d .  If t h e  m a t e r i a l  i n  the  boundary  region 



is to  undergo  the  r e q u i r e d  r e l a t i v e  t r a n s l a t i o n  and ro ta t ion  with- 
out s t r u c t u r a l  f a i l u r e  ( c r a c k i n g ) ,  suff ic ient  i m p e r f e c t i o n s  s u c h  
a s  d i s loca t ions  m u s t  be  ava i l ab le .  If the  r a t e  a t  which t h e s e  
i m p e r f e c t i o n s  a r e  m a d e  ava i l ab le  t o  t h e  r e g i o n  is not  suff ic ient  
to a l low the  l o c a l  d e f o r m a t i o n  t o  c o n f o r m  to  that  app l ied ,  the  
l o c a l  s t r e s s  will i n c r e a s e ,  and m i c r o c r a c k s  m a y  f o r m .  T h i s  
c r a c k i n g  c a n  p roduce  highly f r a g m e n t e d  r e g i o n s  ( F i g .  6a ) .  

C a v i t i e s  a r e  a  p a r t i c u l a r l y  i n t e r e s t i n g  f e a t u r e  of de format ion .  
They p robab ly  f o r m  i n  p l a n e s  t r a n s v e r s e  to  l o c a l  t e n s i l e  s t r e s s e s  
e s t a b l i s h e d  by the  c o m p r e s s i v e  load .  Although t h e y  m a y  a c t  a s  
nuc le i  f r o m  which c r a c k s  c a n  f o r m ,  no evidence w a s  obtained 
tha t  showed tha t  t h i s  w a s  so .  T h e i r  f o r m a t i o n  a t  t r i p l e  points 
and  i n t e r s e c t i o n  of gl ide  p lanes  and s u b b o u n d a r i e s  i s  i n  a g r e e -  
m e n t  with a m e c h a n i s m  sugges ted  by Gifkins (29) .  Cavity fo r -  
mat ion  i s  a m e c h a n i s m  tha t  should r e s u l t  i n  t h e  r e d u c t i o n  of 
l o c a l  t e n s i l e  s t r e s s e s .  

Some g r a i n s  a r e  s o  o r i e n t e d  tha t  t h e i r  b a s a l  p lane i s  e i t h e r  
p a r a l l e l  o r  p e r p e n d i c u l a r  to  t h e  p r i n c i p a l  s t r e s s e s  and h a v e  no 
o p e r a t i v e  s l i p  plane.  T h e s e  g r a i n s  m a y  b e  c o n s i d e r e d  a s  h a r d  
s i t e s  within the a g g r e g a t e .  T h e i r  n e i g h b o r s  m u s t  d e f o r m  a r o u n d  
t h e m .  Under  a  c o m p r e s s i v e  l o a d ,  m a t e r i a l  wi l l  t e n d  to  flow 
away f r o m  a  h a r d  s i t e  i n  a  d i r e c t i o n  p e r p e n d i c u l a r  to  the app l ied  
s t r e s s .  

A g r a i n  with i t s  s l i p  d i r e c t i o n  e i t h e r  p a r a l l e l  o r  p e r p e n d i c u l a r  
to  the  appl ied s t r e s s  wi l l  thus  b e  s u b j e c t  to c o m p r e s s i o n  i n  t h e  
d i r e c t i o n  of tha t  s t r e s s ,  and to t e n s i o n  i n  the  p e r p e n d i c u l a r  di-  
r e c t i o n .  It i s  to  b e  expec ted  tha t  the  t ens i l e  s t r e s s  will tend to 
i n c r e a s e  with d e f o r m a t i o n .  If the  i n c r e a s e  i s  g r e a t  enough, a  
c r a c k  will  r e s u l t .  The f o r m a t i o n  of the  c r a c k  m a y  b e  a ided by 
the g rowth  under  the  app l ied  s t r e s s  of potent ia l  c r a c k  nucleat ion 
s i t e s  such  a s  c a v i t i e s .  Once  the c r a c k  h a s  f o r m e d ,  the g r a i n s  
a s s o c i a t e d  with i t  c a n  m o r e  e a s i l y  c o n f o r m  t o  the  app l ied  de for -  
mat ion .  B e c a u s e  of the d i r e c t i o n  of l o c a l  t e n s i l e  s t r e s s e s ,  the  
plane of the  c r a c k s  t e n d s  t o  be  p a r a l l e l  to  the app l ied  c o m p r e s -  
s i v e  s t r e s s .  It i s  s ign i f i can t  tha t  the  plane a l s o  t e n d s  to be p a r a l -  
l e l  o r  pe rpend icu la r  to the  b a s a l  p lane .  It i s  of i n t e r e s t  that  t h e s e  
c r a c k s  f o r m  dur ing  the  p r i m a r y  c r e e p  s t age .  F o r  c r e e p  under  
c o m p r e s s i o n  they a r e  a  s t a b l e  modi f i ca t ion  of the  s t r u c t u r e ,  e v e n  
f o r  s e v e r e  d e f o r m a t i o n  s u c h  a s  i s  s h o w n  i n  F i g .  7 b  and c  and 
can  b e  c o n s i d e r e d  a s   accommodation^' c r a c k s .  

The l o w e r  the  c r e e p  r a t e ,  the  f e w e r  a r e  t h e  a c c o m m o d a t i o n  
c r a c k s  tha t  f o r m  and  the  longer  i s  the  t i m e  r e q u i r e d  fo r  the 
f i r s t  t o  deve lop .  F o r  s p e c i m e n  t e m p e r a t u r e  of - 1 0 3 C  and c r e e p  
r a t e s  c o r r e s p o n d i n g  to a n  appl ied s t r e s s  of about  6  k g / c m 2 ,  
such  c r a c k s  a r e  r a r e .  T h i s  s u g g e s t s  t h a t  p r o c e s s e s  that go o n  
i n  the boundary  r e g i o n ,  s u c h  a s  g ra in -boundary  m i g r a t i o n ,  c e l l  
and cavi ty  f o r m a t i o n ,  i n  a s s o c i a t i o n  with s l i p ,  c a v i t y ,  sub-  



boundary ,  and kink band f o r m a t i o n ,  a r e  ab le  to  maintain  t h e  
s t r e s s  below the l o c a l  fa i lu re  s t r e n g t h .  Under  these  condi t ions  
c r a c k  f o r m a t i o n  i s  no longer  r e q u i r e d  a s  a  d e f o r m a t i o n  p r o c e s s  
i n  the p r i m a r y  and s e c o n d a r y  c r e e p  s tage .  

Deformat ion  M e c h a n i s m s  and C r  e e ~  Behavior  

P r a c t i c a l l y  a l l  the  o b s e r v a t i o n s  on  the deformat ion  m e c h a n i s m s  
tha t  h a v e  been  r e c o r d e d  i n  th i s  p a p e r  w e r e  m a d e  dur ing  the pr i -  
m a r y  and s e c o n d a r y  s t a g e s  o f  c r e e p .  Only f o r  e x p e r i m e n t s  with 
h igher  loads  did t h e  deformat ion  include the  t e r t i a r y  s t a g e .  In 
t h e s e  c a s e s  t h e  o b s e r v a t i o n s  w e r e  only on t h e  c h a r a c t e r  of the  
c r a c k  f o r m a t i o n  tha t  o c c u r r e d .  

The deformat ion  m e c h a n i s m s  o b s e r v e d  a r e  i n  g e n e r a l  a g r e e -  
m e n t  with the s c h e m e  proposed  by Shoumsky ( 7 ) .  In add i t ion  to 
the  m e c h a n i s m s  tha t  h e  d e s c r i b e s ,  o t h e r s  s u c h  a s  kink band and 
cavi ty  f o r m a t i o n ,  and  a c c o m m o d a t i o n  c r a c h n g  w e r e  o b s e r v e d .  
Shoumsky r e l a t e s  the  m e c h a n i s m s  to the  app l ied  load and a s -  
s o c i a t e d  c r e e p  r a t e .  E x p e r i m e n t s  sugges t  t h a t  for  a  given t e m -  
p e r a t u r e ,  c r e e p  r a t e  i s  p robab ly  the  m a j o r  f a c t o r  i n  d e t e r m i n i n g  
what m e c h a n i s m s  a r e  r e q u i r e d  f o r  a  g r a i n  to  conform to t h e  ap- 
plied deformat ion .  At low c r e e p  r a t e s  g ra in -boundary  m i g r a t i o n ,  
subboundary ,  kink band ,  and cav i ty  f o r m a t i o n ,  polygonization, 
and bending a r e  l ike ly  to be suff ic ient .  F o r  h igher  c r e e p  r a t e s  
a c c o m m o d a t i o n  c r a c k i n g  dur ing  t h e  p r i m a r y  c r e e p  s tage  and  
g r e a t e r  d i s to r t ion  i n  the g r a i n  boundary r e g i o n  occur .  In addi t ion 
to c r e e p  r a t e ,  the  amount  of d e f o r m a t i o n  and the dura t ion  of 
the  load a r e  p robab ly  i m p o r t a n t  a s  well .  T h i s  a p p e a r s  to b e  t r u e  
f o r  the  unusua l  c r e e p  behav ior  and  i s  p robab ly  t r u e  for  the  on- 
s e t  of t e r t i a r y  c r e e p  a s  ind ica ted  by the o b s e r v a t i o n s  of S te inemann  

( 1 ) .  
Although the r e s i s t a n c e  to s l i p  on the b a s a l  plane of p rev ious ly  

undeformed  s ing le  c r y s t a l s  d e c r e a s e s  with i n c r e a s i n g  d e f o r m a -  
t ion ,  t h i s  i s  not c o n s i d e r e d  to b e  the  s o u r c e  of the unusua l  c r e e p  
behav ior  o b s e r v e d  i n  m u l t i g r a i n e d  i c e ,  excep t  p e r h a p s  f o r  t h e  
v e r y  f i r s t  p a r t  of the  d e f o r m a t i o n .  Th is  view i s  suppor ted  by 
the o b s e r v a t i o n  t h a t  r e s i s t a n c e  to  d e f o r m a t i o n  of the  a g g r e g a t e  
i s  m u c h  h igher  than  the r e s i s t a n c e  of the  b a s a l  plane, and f o r  
the  condi t ions  of the  e x p e r i m e n t s ,  the  unusua l  c r e e p  b e h a v i o r  
in  the a g g r e g a t e  i s  comple ted  b e f o r e  the  s t r a i n  has  exceeded  
0.570. F o r  the  s i n g l e  c r y s t a l  the unusual  c r e e p  behavior  extends 
o v e r  s o m e  10 to 2070 s t r a i n .  

The ice  used  i n  the  e x p e r i m e n t s  \(.as a l w a y s  maintained within 
1 0 ° C  of i t s  mel t ing  t e m p e r a t u r e .  It would b e  expected t h a t  a s  
long a s  the p r e s s u r e  i n  the  w a t e r  \vas not a l lowed to i n c r e a s e  
while f r e e z i n g ,  t h e r e  should h a v e  been  l i t t l e  o r  no d e f o r m a t i o n  



of g r a i n s  i n  a  s p e c i m e n  p r i o r  to the  f i r s t  app l ica t ion  of load.  T h e  
e x p e r i m e n t s  sugges t  tha t  the unusual  c r e e p  behav ior  of p rev ious ly  
undeformed mul t ig ra ined  i c e  i s  r e l a t e d  to the  v a r i e t y  of ways by 
which a  g r a i n  will a d j u s t  to the deformat ion  of i t s  ne ighbors .  T h e s e  
ways a p p e a r  to  be es tab l i shed  i n  the  p r i m a r y  c r e e p  s tage .  T h e i r  
f o r m a t i o n  i s  a n  i r r e v e r s i b l e  p r o c e s s ,  d e t e r m i n e d  by the loca l  
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  and g r a i n  boundary g e o m e t r y ,  the  
c h a r a c t e r  of the appl ied load,  the  r a t e  of s t r a i n i n g ,  and p r e s u m -  
ab ly ,  the  t e m p e r a t u r e .  If the ways by which a  g r a i n  will d e f o r m  
a r e  es tab l i shed  dur ing  p r i m a r y  c r e e p ,  th i s  s u g g e s t s  that the  de-  
fo rmat ion  r a t e  f o r  s e c o n d a r y  c r e e p  m a y  be d e t e r m i n e d  by the  
r a t e  a t  which d i s loca t ions  and o t h e r  i m p e r f e c t i o n s  genera ted  by  
the appl ied load wil l  d i f fuse  to the  c e l l  and g r a i n  boundar ies .  

S te inemann  (1) and  Glen (2) s u g g e s t  tha t  t e r t i a r y  c r e e p  i s  a s -  
soc ia ted  with r e c r y s t a l l i z a t i o n .  None of the e x p e r i m e n t s  with 
lower  loads  w e r e  continued to d e f o r m a t i o n s  where  t h i s  would b e  
o b s e r v e d .  It was only f o r  loads  i n  e x c e s s  of about  15 kg /cm2 
that  the  o b s e r v a t i o n s  included the t e r t i a r y  s t a g e  of c r e e p .  F o r  
these  t e s t s  the accommodat ion  c r a c k i n g  was v e r y  extensive.  On- 
s e t  of t e r t i a r y  c r e e p  a p p e a r e d  to be a s s o c i a t e d  with the b r e a k -  
down of the  s t r u c t u r e  by the a c c o m m o d a t i o n  c r a c k i n g  and sub- 
sequent  f a i l u r e  along p lanes  a p p r o x i m a t e l y  p a r a l l e l  to the  maxi -  
m u m  s h e a r  d i r e c t i o n  (8 ) .  Crack ing  of a  c h a r a c t e r  di f ferent  f r o m  
the accommodat ion  c r a c k i n g  was  a s s o c i a t e d  with t h e s e  planes .  

Appl icat ion to Ice  Engineer ing  

Although the i c e  used  i n  the e x p e r i m e n t  d e s c r i b e d  had a  unique 
g r a i n  s t r u c t u r e  and g r a i n  c r y s t a l l o g r a p h i c  o r i e n t a t i o n ,  i t  i s  pos- 
s ib le  to  p r e s e n t  s o m e  g e n e r a l i z a t i o n s  per t inen t  to  i c e  eng ineer -  
ing. F o r  s l i p  to o c c u r  on the  b a s a l  p lanes  of i c e  t h e r e  m u s t  b e  
a  s h e a r  s t r e s s  i n  t h a t  p lane .  On app l ica t ion  of a  load  such a  
s t r e s s  will  be  p r e s e n t  in i t i a l ly  i n  m o s t  g r a i n s ,  but i t  will be  
maintained only f o r  t h o s e  c a s e s  w h e r e  the  load s u b j e c t s  the i c e  
to  a  s h e a r  s t r e s s .  T h e r e  a r e  a  n u m b e r  of p r a c t i c a l  examples  
of loading where  i t  i s  qu i te  poss ib le  tha t  the  b a s a l  p lanes  a r e  not 
sub jec t  to  s u c h  a  s h e a r  s t r e s s .  

F o r  example ,  when a n  i c e  c o v e r  o n  a  lake o r  r i v e r  i s  sub jec t  
to a  changing a i r  t e m p e r a t u r e ,  the  p r inc ipa l  t h e r m a l  s t r e s s e s  
that  deve lop  a r e  equa l  i n  the  plane p a r a l l e l  to  the  s u r f a c e .  T h i s  
i s  t r u e  a s  wel l  fo r  a  s t a t i o n a r y  concen t ra ted  load ,  and  to a  f i r s t  
a p p r o x i m a t i o n  fo r  s lowly moving l o a d s .  If the  b a s a l  planes of 
the g r a i n s  a r e  p a r a l l e l  o r  p e r p e n d i c u l a r  to the i c e  s u r f a c e ,  a  
s i tuat ion t h a t  c a n  o c c u r  under  s o m e  f ie ld  condi t ions ,  the s h e a r  
s t r e s s  o n  t h e m  will  be z e r o .  T h i s  would explain  why t h e r m a l l y  
s t r e s s e d  i c e  c o v e r s  c a n  r e m a i n  s t r e s s e d  f o r  qui te  apprec iab le  



p e r i o d s  of t ~ m e ,  and will of ten c r a c k  when d r i l l e d  o r  walked upon: 
If t h e r m a l  s t r e s s e s  c a n  b e  maintained f o r  apprec iab le  p e r i o d s ,  
they c a n  have  a  v e r y  s ign i f i can t  effect o n  the bear ing  capac i ty  of 
the  i c e ,  p a r t i c u l a r l y  for  i c e  t h i c k n e s s e s  l e s s  than 50 c m .  Many 
of the  i c e  f a i l u r e s  t h a t  have o c c u r r e d  i n  t h e  n o r m a l  o p e r a t i o n  of 
Canadian  pulp and p a p e r  c o m p a n i e s  a r e  thought to be the  r e s u l t  
of s t r e s s e s  o r  a s s o c i a t e d  c r a c k s  f o r m e d  i n  t h e  cover  by changing 
t e m p e r a t u r e .  

C o n s i d e r a b l e  a t t en t ion  h a s  b e e n  given i n  r e c e n t  y e a r s  to  var ious  
l a b o r a t o r y  and  field t e s t s  f o r  d e t e r m i n i n g  v a l u e s  of t h e  p r o p e r t i e s  
of i c e  r e q u i r e d  fo r  the  solut ion of eng ineer ing  p r o b l e m s .  Because  
t h e  d e f o r m a t i o n  r e s p o n s e  of i c e  depends o n  t h e  re la t ionsh ip  be- 
tween  the appl ied s t r e s s ,  the  g ra in -boundary  configurat ion and 
the c r y s t a l l o g r a p h i c  o r ien ta t ion  of the  g r a i n s ,  a s  well  a s  t h e  
magni tude of the  s t r e s s  and the t e m p e r a t u r e ,  t h e r e  i s  ce r ta in ly  
s o m e  ques t ion  a s  to whether  n u m b e r s  obtained f r o m  s u c h  t e s t s  
c a n  b e  used  f o r  the  solut ion of eng ineer ing  p r o b l e m s  involving 
i c e  u n d e r  qui te  d i f fe ren t  load condi t ions .  It i s  poss ib le  t h a t  the 
solut ion of s u c h  p r o b l e m s  will  h a v e  to b e  obtained f r o m  d i r e c t  
field o b s e r v a t i o n s ,  and t h a t  the  g r e a t e s t  u s e f u l n e s s  of load t e s t s  
wi l l  b e  to  ind ica te  the  quality of the  i c e  invo lved .  

S u m m a r y  

P o l y c r y s t a l l i n e ,  c o l u m n a r  g r a i n e d  i c e ,  with the b a s a l  p lane  
o f  e a c h  g r a i n  approx imate ly  p a r a l l e l  to  i t s  long a x i s ,  cannot  
d e f o r m  under  a n  appl ied load without s t r e s s e s  being s e t  u p  in  
the  g r a i n s  due  to t h e  c o n s t r a i n t s  imposed  by ne ighbors .  T h e s e  
s t r e s s e s  c a u s e  g r a i n - b o u n d a r y  m i g r a t i o n ,  subboundary ,  k ink  
band ,  and cavi ty  f o r m a t i o n ,  and a c c o m m o d a t i o n  c r a c k i n g .  Along 
with s l i p  on t h e  b a s a l  p lane ,  t h e s e  s t r e s s - i n d u c e d  p r o c e s s e s  allow 
t h e  g r a i n  to c o n f o r m  to the  app l ied  d e f o r m a t i o n .  The v a r i o u s  
ways  b y  which a  g r a i n  will d e f o r m  during a  load  t e s t  a p p e a r  to 
b e  es tab l i shed  i n  t h e  p r i m a r y  c r e e p  s t a g e .  The  e x p e r i m e n t s  
ind ica te  tha t  d e f o r m a t i o n  t h e r e a f t e r  p r o c e e d s  by r e l a t i v e  t r a n s -  
l a t ion  and by r o t a t i o n  about  the  b o u n d a r i e s  and  accommodat ion  
c r a c k s  es tab l i shed  dur ing  p r i m a r y  c r e e p .  T h i s  sugges t ion  l eads  
to  the  hypothes i s  t h a t  s e c o n d a r y  c r e e p  r a t e  i s  control led b y  the 
r a t e  of diffusion of i m p e r f e c t i o n s  genera ted  by the appl ied load. 

The  dependence of the d e f o r m a t i o n  of i c e  o n  the g ra in -boundary  
conf igura t ion ,  c r y s t a l l o g r a p h i c  o r i e n t a t i o n ,  and the n a t u r e  of 
the appl ied load should be taken in to  c o n s i d e r a t i o n  i n  s o m e  en- 
g ineer ing  p r o b l e m s ,  p a r t i c u l a r l y  those  i n  which t h e r e  m a y  b e  
no s h e a r  s t r e s s  o n  the  b a s a l  p lanes .  It should a l so  b e  cons idered  
when applying r e s u l t s  obtained f r o m  l a b o r a t o r y  and f ie ld  t e s t s  
on  i c e ,  p a r t i c u l a r l y  f r o m  s m a l l -  s c a l e  t e s t s .  
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